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FOREWORD

This final report covers the results of the Expendable
Gasifier Program under Contract No. F33657-76-C-0255, Project No.
3145, Task No. 314501, Work Unit No. 31450132, performed by
Teledyne CAE, Toledo, Ohio for the United States Air Force Systems
Command, Aero Propulsion Laboratory, Wright-Patterson Air Force
Base, Ohio.

This program is monitored by Mr. Joe Gottschiich,
Aerospace Power Division (AFWAL/POOS-) and Mr. Steve Kobelak,
Special Engine Technology AFWAL/POTX).
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SECTION 1.0

INTRODUCTION

Air Force system requirements in the 1980 time period will

require a number of low cost turbine engines to provide
economically viable systems. The systems will require jet fuel
starters and small turbojet and turbofan engines. Turbine engine
cost is highly sensitive to design and fabrication techniques that
define the basic labor and material content of the powerplant.
Production rates greatly influence engine cost and in most military

applications any one system is unable to generate a quantity
production rate high enough to materially affect cost. An engine
design approach using common components for a number of different

powerplants can provide overall cost benefits through increased
production rates for the common parts.

The objective of the Expendable Gasifier Program is to
provide a single expendable gasifier configuration which will be
suitable as the core of either a jet fuel starter or a thrust
engine for remotely piloted vehicles (RPV's).

The Expendable Gasifier (EG) design approach consists of
using a common gasifier for a jet fuel starter, a turbojet and a
turbofan to provide the maximum amount of commonality for a wide

range of small powerplants. The gasifier consists of a four-stage
axial compressor, a reverse-flow annular vaporizer combustor, a

single-stage axial turbine and a bearing system that supports the
main shaft.

The gasifier is 12.9 inches in diameter, 18.6 inches long
a',d weighs 78 pounds.

The expendable gasifier is readily adaptable to different
power output modules as illustrated in Figure 1.

Jet Fuel Starter: The gasifier attaches to a power output
module by a quick disconnect vee band clamp to provide e
jet fuel starter. A quick attach fuel control, fuel
handling components, and a gasifier starter motor will
complete the overall jet fuel starter package. The power
turbine module consists of a turbine driving through a
reduction gear to a 3600 rpm power output shaft. An
exhaust collector and right angle outlet is provided to
duct the hot exhaust gases away from the reduction gear.
The baseline gasifier is sized by the jet fuel starter
requirements of 230 HP on a sea level standard day
(590 F).

Turbofan: The gasifier converts to a turbofan by the
addition of a low pressure spool, a primary jet nozzle and
a bypass duct with an integral jet nozzle. The low
pressure spool is simply supported in two bearings and
consists of a single stage fan driven by a single stage

1
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fan turbine. The front frame is integral with the stator
row, and is attached to the gasifier by radial pins. The
fan turbine nozzle and primary exhaust and jet nozzle are
attached to the gasifier by a vee band clamp. The
turbofan is rated at 500 pounds thrust at a specific fuel
consumption of 0.91 pounds per hour per pound.

Turbojet: The gasifier readily converts to a turbojet by
attaching a jet nozzle with the quick disconnect clamp and
installing the quick-attach fuel handling components,
starting and control system to provide the required
operational modes. The gasifier operating in the turbojet
mode has a thrust of 229 pounds and a specific fuel
consumption of 1.56 pounds per hour per pound.

The main emphasis of the program -s on very low cost at a
pre-selected performance level. The cost goal is an initial pr~ce
of $8,000 (1976 dollars) for the gasifier. This is being
accomplished through the use of innovative casi.gn techniques suet
as: (1) a low speed (33,000 rpm) design with corresporidirc low
stress levels, thus permitting the use of al.,minum castin;s for
both rotating and stationary componenLs; (2) 0 n expeLdabl Jesigg
which eliminates overhaul and maintenance: and (3) che use of
radial pin construction which eliminates the requereets o
precision threaded fittings and multiple pilot ciraiqeters. Th2
final result of this type of design approach will be a srngle,
inexpensive gasifier for a jet fuel starter, turbjet engine; aif
turbofan engine.

The program consists of four phDsz- P f ow: PrIase i
definition of the overall system requirement f- thr gas.-ie. _r a
jet fuel-starter, turbojet engine, or turbofa- enrw 'e; Phase ii,
preliminary design of the gasifier. This In.lu ei cooponent design
and a detailed cost analysis; Phase IIII, drta~i 2esign of all
components and test rigs. Also the hiyhasL .isk development iter,
the combustor, was fabricated and tested to demonstrate strucTrral
integrity and performance levels. Thase IV. procurement and
testing of the cocpressor hardware as well as the gasifier in tha
turbojet engine configuration at sea level static and at altituje
conditions.

All phases of the program have been comnpleted. The
results have indicated that the cost objective of the gasifier can
Oe met ani that the engine hardware can actiieve adequate
perfn::.arr-e for all 'G applications.

-i 3Mepeccted that the four-phase approach presented in
trq or ' _I suplv the technology necessary to build a low
cost, reiable gias t;rhne en7'ne which meets future Air Force
re-ii -en" < ~-J- jt 'e starters, APU's, and propulsion engines
fo1 21 )ot2, missiles jn$ RPW's.



SECTION 2.0

PROGRAM OVERVIEW

2.1 General

The objective of this program is to demonstrate the
technology necessary to provide low cost, reliable gas turbine
engines able to be used in a number of economically attractive
systems. The broad statement of the main objective leads to a
number of secondary objectives as follows:

- To design a single expendable gasifier (EG) suitable
for use as the core of a jet fuel starter, turbojet
or turbofan to provide a high production rate.

- To show a cost benefit by employing the expendable

concept (discarding the EG) to eliminate replaceable
parts, overhaul, accountability paperwork and many
transportation/shipping costs.

- To establish the gasifier aerothermo cycle to provide

low rotor speed, low turbine inlet temperature, and
conservative component efficiencies allowing
manufacturing methods and materials to be minimum
cost.

- To use innovative design features to reduce assembly
labor and to design for maximum use of castings and
low cost materials.

- To demonstrate the capability to achieve low
fabrication cost by producing components using the
production processes.

- To demonstrate the performance of the EG in the
turbojet version at all operating points in the
spectrum of the three applications.

The program consisted of four phases as follows:

Phase I - System Design
Phase II - Preliminary Gasifier Design
Phase III - Detail Design and Combustor Test
Phase IV - Fabrication and Testing

5



2.2 Phase I - System Design

A preliminary system design of turboshaft, turbojet and
turbofan engine configurations using a common gasifier was
performed to establish the detailed design requirements and to
determine tradeoffs to achieve maximum commonality. These tasks
were completed according to the schedule shown in Figure 2. The
expendable gasifier, Figure 3, was the result of the tradeoffs to
accommodate the three engine configurations. The EG geometry was
defined by sizing the unit to meet the jet fuel starter power
requirement of 230 SHP at 590 F, sea level static conditions. The
controls package for each of the engine configurations was
investigated and defined. The JFS configuration has an inherently
simple control system which is self-sufficient and operates
automatically. The control scheme devised for the powerplant
configurations consists of a single point fuel metering governing
valve which depends on external launch equipment for start and
acceleration. Installation drawings were prepared for each engine
configuration and preliminary analyses conducted to provide the
following:

Jet Fuel Starter Turbojet Turbofan

SHP - 230 Thrust - lbs. 229 500
BSFC - lbs/hr/HP - 1.43 SFC - lb/hr/lb 1.56 0.91
Airflow - lb/sec - 3.86 Airflow - lb/sec 4.06 16.0

2.3 Phase II - Preliminary Gasifier Design

A preliminary design of the basic gasifier configuration
was performed using the detailed gasifier requirements generated in
Phase I. The preliminary analyses performed for the Expendable
Gasifier Components were conducted per the events scheduled in
Figure 4. The level of effort for the preliminary aerodynamic
design consisted of definition of the flowpath, number of stators
and rotor blades, velocity triangles and efficiencies. Mechanical
and thermal stress analyses were conducted of critical components
to insure meeting the life requirements of- the engine-applications.
Design layouts were made in detail of the'combustor rig and
modified as necessary for the EG and other test rig
configurations. Cost drawings were prepared showing the necessary
detail to define the manufacturing and assembly procedures
sufficiently for the detailed cost analysis. The results of this
analysis are tabulated as follows:

Model Cost **

Expendable Gasifier 506 $ 7,800
Jet Fuel Starter* 206 $18,670
Turbofan* 406 $18,280
Turbojet* 306 $10,900

6
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PHASE I SYSTEM DESIGN

" SIZE EG FOR 230 HP JPS
" DEFINE JFS INTERFACE
" DEFINE T/J INTERFACE
" DEFINE T/F INTERFACE
" DEFINE CONTROLS
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ANALYSIS
PHASE I REVIEW

27348

Figure 2. Phase I Program Schedule.

18.4 IN

12.7 IN

22365

AERODYNAMIC DESIGN POINT (SLS, 59°F)

Wa = 3.86 LBISEC TIT = 1800°F
PR = 2.86 NG = 33,000 RPM
WT. = 70 LBS

Figure 3. Model 506 Expendable Gasifier Cross-Section (Phase I).
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22363

Figure 4. Phase II Program Schedule.
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* Includes controls, accessories and expendable gasifier.
** Includes G&A, Profit, Material Handling, Burden, in

1976
dollars.

2.4 Phase III - Detail Design and Combustor Testing

The final design of the expendable gasifier has been
accomplished per the schedule shown in Figure 5. Detailed
aerodynamic, thermodynamic and structural analyses have been
conducted to fully define the EG component hardware. Detail
drawings were made and released to obtain quotes for cost and
delivery times. From these quotes the Phase IV Fabrication Plan
was formulated. The combustor test rig hardware was fabricated and
the combustor was tested per the test plan generated in Phase II.
At design operating conditions, combustion efficiency, heat release
rate and exit temperature distribution factors met or exceeded
design objectives. The values obtained for these and other
parameters are presented in Table 1, a summary of EG combustor test
results. The combustor ignition envelope was defined over a wide
range of inlet conditions and an expendable gasifier starting
envelope approximated in terms of altitude and flight Mach number.

2.5 Phase IV - Fabrication and Testing

The remaining expendable gasifier and test rig components
have been fabricated and tested per the schedule shown in Figure
6. The hardware was to be fabricated per the approved Phase IV
Fabrication Plan generated in Phase III. Procurement of the
compressor rotors through a special casting process was
unsuccessful and necessitated the procurement of conventional
precision cast rotors. To expedite compressor and engine testing,
machined rotors were procured for initial tests to verify
compressor performance. To verify the capability of producing the
low cost cast rotors, these were also procured for subsequent
testing which demonstrated the performance degradation of the
gasifier using these rotors. Although the performance of the
gasifier is less using cast rotors, both the cast and fully
machined rotors have more than adequate performance to satisfy
present day applictions as a jet fuel starter. The performance of [
the turbojet version of the expendable gasifier using both
configurations is presented in Table 2. The successful completion
of Phase IV of this program has demonstrated the application of the
technology necessary to build a low cost, reliable gas turbine
engine which meets future Air Force requirements for jet fuel
starters, APU's, and propulsion engines for drones, missiles and
RPV's.

9
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FIT

TABLE 1

SUMMARY OF EXPENDABLE GASIFIER COMBUSTOR
TEST RESULTS

GOAL ACHIEVED

PRESSURE LOSS - PERCENT 10.0 12.3

HEAT RELEASE - MBTU
HR . FT3 . ATM 9.3 9.3

EFFICIENCY - PERCENT 95.0 95.0

EXIT TEMPERATURE - -F 1800 1800

TEMPERATURE RISE - °F 1516 1516

EXIT RADIAL PROFILE 0.07 0.05

EXIT PATTERN FACTOR 0.20 0.154

MAXIMUM LINER TEMPERATURE - *F 1400 < 1500

41285

>4

,$
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SECTION 3 - SYSTEM DESIGN (PHASE I)

3.1 DEFINITION OF GASIFIER CONFIGURATIONS

The expendable gasifier (Figure 7 ) was configured to interface with the
jet fuel starter, turbofan and turbojet applications. The initial step was to
define the EG geometry by sizing the unit to meet the jet fuel starter (JFS206)
Dower requirement of 230 SHP at 590F, sea level static conditions. Additional
Dower requirements were imposed on the EG to provide 3 HP for accessories and 7
HP to account for production margins.

The component efficiencies were degraded to account for larger tolerances
jn flow surfaces expected when low cost fabrication methods are employed.

The compressor performance was scaled from the Model 469, four staqe, axial
zo!pressor previously tested at Teledyne CAE. The low tip speed (900 ft/sec) of
that compressor uniquely qualifies it for the EG by virtue of relatively low stresses
ard demonstrated performance. The EG airflow of 3.86 lb/sec set by the JFS desiqn
,oint requires that the Model 469 compressor be scaled up by a 1.32 linear scale
factcr. Tne table below summarizes the EG compressor requirements compared to the
'.1odel 469.

JFS 206 Model 469

Airflow, Ibsec 3.862 2.228
Pressire Ratio 2.857 2.857
Adiaoatic Efficiency 80.0 82.0
Tip Speed, ft/sec 900.0 900.0
Tip Ziameter, in 6.25 4.74
Rotor Sceed, RPM 33,000 43,500

-he combustor aesign point requires a combustor efficiency of 95 percent,
a pressure loss of 5 percent with a temperature rise of 1516 degrees. The combus-
tor aerodynamic loading of 2.1 (lb/sec/ft 3/atm 2 ) is within the demonstrated capa-
bility f Teledyne CAE reverse flow annular combustor technology. The combustor
was tested in Phase III, however, to verify its performance before engine testing.

ne turtlnA lesign point efficiency was set at 82.5 percent for a referred
dOrK level of 13 5kU/Ib. The turbine efficiency expected at that work level based
experimental turbines of similar flow size is 85 percent. The 2.5 efficiency
points deducted from the expected efficiency accounts for potentially higher losses
associated with the manufacturing tradeoffs to achieve low cost such as surface
finish, larger leading and trailing edge radii and running clearances.

The jet fuel starter configuration (Figure 8 ) consists of the expendable
gasifier rear mounted to the power turbine which drives through a gear reduction
to achieve a maximum output speed of 3600 RPM. The major interface tradeoffs for
the EG in the jet fuel starter application consisted of: the incorporation of a
containment ring surrounding the gasifier and power turbine; locatinq the turbine

15
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bearing in front of the turbine rotor and locating the fuel-ai,- iubrication supply
through the turbine inlet vane; providing a hollow shaft for t1_ turbofan, and
extending the inlet diameter to form a smooth flowpath for tht turbofan configura-
tion.

The containment ring tradeoff required that the EG turbine inlet nozzle be
designed to include space for the containment ring since the ring is arranged as
a part of the power turbine module.

The overall dimensions of the jet fuel starter package is 30.1 in. lonn and
12.7 in. diameter. A preliminary weight estimate resulted in a weight of 150 lbs.
includinq the controls.

The life of the EG in the jet fuel starter application will be at least
2000 main engine start cycles under ambient conditions of -65OF to 130OF SLS, each
main engine start cycle consisting of a 45 second duration maximum power run.

The EG/JFS arrangement is such that minimum effort will be required to r1-
move and replace the EG in a field operation.

The installation drawing (Figure 9 ) shows some of the salient featjre" <

the JFS. The control package is mounted to the EG by a VEE-band clamp. The i'ni-
tion exciter is mounted to the VEE-band clamp which holds the EG to the power tu,-
bine. For EG removal, only the two VEE-band clamps and two ignitor leads must be
removed.

The installation drawing of the turbojet is shown in Fioure 10 . It fea-
tures radial pin mounting at two locations (opposite) and one rear mount. The Jet
exhaust nozzle is attached at the EG main frame housing with a VEE-band c'amp. Tlie
accessory package, also attached (for easy removal) with a VEE-band clamp, includes
the fuel pump, starting drive gear, governing valve, three-way valve, and quick
disconnects to fuel tank and launch control equipment. No significant compromises
were necessary to adapt the EG to the turbojet confiquration.

The Turbofan Installation (Figure 10 ) has the accessory mounting arranqe-
ment identical to the turbojet. The fan turbine module also connects to the EG
module with a VEE-band clamp. No significant compromises were necessary to adant
the EG to the turbofan configuration.

3.2 DEFINITION OF GASIFIER CONTROL REQUIREMENTS

The control package for the JFS consists primarily of a hydraulic motor,
fuel pump, alternator, stepper motor metering valve, fuel and system management
control (FMSC) and ignition exciter. The start and control system schematic is
shown in Figure 12.

The operation of the control is initiated by a mechanical start command
which opens the hydraulic accumulator shut off valve (SOV). The same command ooens
the electrical interface to the FSMC as a safety feature. The hydraulic motor
drives into an overrunning clutch, alternator, fuel pump and tower shaft which drives
the EG.

18
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.,s the motor accelerates, the alternator supplies power to the ignition exciter
(AC) and FSMC (DC) and the fuel pump supplies fuel to the fuel primer, fuel to

lube the EG turbine bearing and fuel to the EG combustor. The FSMC electronics
are programmed to accept inputs from combustor pressure, tower shaft speed (re-
latea to EG speed by the gearing ratio), metering valve position and power turbine
;haft speed. The fuel tank SOV is actuated open and the stepper motor valve is
acjusted according to a pre-programmed fuel flow schedule when power is initially
supplied to the FSMC. The pre-programmed fuel flow schedule is a function of EG
t.peed and combustor pressure. Surplus flow is bypassed to the fuel pump inlet.

three-way valve in the fuel primer circuit is actuated by compressor discharqe
tressure (CDP) and allows CDP air to continually flow through the primer orifices
.!uring EG operation.

When the main engine attains a predetermined speed, sensed by the power
tirbine speed sensor, the FSMC triggers the command to shutdown. Shutdown con-
sists of the closing of the fuel tank SOV and opening the fuel mainfold overboard
,lump to effect a rapid fuel pressure decay. The final FSMC command resets the
start anc abort switch to the open position. The overrunning clutch in the power
turbine gearbox disengages the power turbine as the main engine accelerates to
idle power.

The control scheme devised for the turbojet and turbofan configuration is
'hown in Figure 13 . It consists primarily of a single point fuel metering govern-

,nq valve which depends on external launch equipment for start and acceleration.

When the start command is initiated, mechanical power to the fuel pump and
engine mainsnaft is supplied through the mechanical drive by the launch equipment.
The fuel tank receives initial pressurization from the launch equipment, however,

as the engine accelerates, compressor discharge pressure is used for pressurization.

Fuel leaving the pump discharge flows into the governing valve and to the roller
oearing(s). The fuel pump discharge pressure is sensed by the control for an indi-
cation of EG rotor speed. The valve plug in the governing valve meters fuel as a
function of fuel pump inlet pressure, valve plug area distribution and a predeter-
mined spring load. The metered flow splits at the valve discharge and a portion is
directed to the control and the remainder flows to the primary nozzles in the EG
combustor. The flow ratio is determined in the control and is based on the logic
shown in Figure 14 . The diagram shows that a fuel flow change occurs as a result
of the (exhaust gas temperature) error signal. The error siqnal is obtained by a

comparison of the EGT limit (pre-programmed as a function of EG rotor speed) with
tne measured EGT (part of the launch equipment). As the enqine accelerated, the
fuel flow to the combustor primary nozzles is continually adjusted by the aovern-

inn valve to maintain the EGT limit shcedule programmed within -,e control. The

control also supplies fuel to the fuel primer nozzles from the flow which enters

the control. The excess is dumped to a fuel accumulator. After acceleration to

d predetermined operating point has been achieved, the command to launch is niven

and the launch equipment is disconnected. The engine control is now qoverned by
onl the iovernina valve which meters fuel as a function of fuel Dump discharge
Dressure. The valve flow area and sprinq load have been determined to allow sinQle
7.mirt operation of the enjine at a predetermined thrust.
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3.3 PRELIMINARY PERFORMANCE ANALYSIS

Preliminary performance estimates were made for the jet fuel starter
using a design point, turboshaft, cycle program. The results are shown in
Table 3 for -65, 59 and 130OF inlet conditions (SLS). The turbine inlet
temperature was constrained at 1800OF and the EG speed at 33,060 RPM to
preserve the low stress environment required to incorporate low cost
technology. The power lapse with ambient temperature is shown in Figure 15.
The variation of output power with inlet temperature is nearly linear over the
range of -65 to 130 0 F. An additional three percent 17 hp) was included in
the cycle to account for production variability. Figures 16, 17, and 18
present the thermodynamic state points throughout the EG/JFS flowpath for the
three inlet temperature conditions - standard day (590 F), hot day i130 0 F)
and cold day i-65 0 F) at SLS.

The turbojet and turbofan engines were configured using the EG sized
for the JFS operation described previously. A cycle study was performed to
provide the greatest usable flight operation envelope (altitude - Mach No)
without overspeeding the EG rotor (33,060 RPM maximum) or exceeding the
turbine inlet temperature of 1800 0 F. Several altitudes were investigated
over a range of Mach numbers and the condition of 30,000 ft., 0.40 Mach was
chosen as the match point for both the turbofan and turbojet cycles.

The turbojet configuration (Figure 10) consists of simply the EG with
an exhaust nozzle attached with a VEE-band clamp. The controls are attached'
with a VEE-band clamp at the tower shaft accessory pad. The turbojet (Figure
19) is 29.0 in. long and 12.7 in. in diameter. It produces 229 lbs. of thrust
at SLS, standard day with an SFC of 1.56 lb./hr./lb. The weight including
controls was estimated to be 80 lbs. The large volume over the turbine outer
shroua is the result of allowing for the containment ring in the JFS
application. Figure 20 presents the thermodynamic state points through the
engine flowpath at SLS, standard day.

The turbojet analysis yielded a preliminary estimate of the
performance over a range of altitude and Mach number conditions. Figure 21displays a carpet plot of thrust and thrust specific fuel consumption over a
range of altitudes from sea level to 40,000 ft. and Mach number from 0 to 1.0.

The turbofan pressure ratio and bypass ratio were investigated over a
range of bypass ratios and fan pressure ratios at sea level static inlet
conditions, (Figure 22). It was determined from that analysis that the EG
core was power limited when designed for a bypass ratio of 3.0. A bypass
ratio of 2.0 and a fan pressure ratio of 1.52 was selected as near optimum.
It was decided that a single stage fan would provide a low-cost turbofan and
the fan performance could be achieved with existing technology. The
optimization analysis was performed using 5 HP for accessory power takeoff and
yielded a net thrust of 470 lb. at SLS for the selected bypass ratio and fan
pressure ratio. It was subsequently assumed that 3 HP would be adequate for
accessory power requirements for the turbofan and turbojet configurations and
that assumption yielded a net thrust of 500 lb. at SLS conditions.
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TABLE 3

MODEL JFS206 JET FUEL STARTER PERFORMANCE

ENGINE PARAMETERS PERFORMANCE

INLET CONDITION:
Ambient temperature (OF) 59 130 -65
Inlet pressure recovery (T) 96 96 96

COMPRESSOR:
Pressure ratio 2.857 2.55 3.11
Adiabatic efficiency (%) 80 81.8 66.0
Airflow (1b/sec) 3.862 3.411 5.128
Tip diameter (in) 6.288 6.288 6.288

GAS GENERATOR TURBINE:
Horsepower extraction 3 3 3
Turbine inlet temperature (OF) 1800 1800
Adiabatic efficiency () 82.5 82.5 82.5

POWER TURBINE:
Adiabatic efficiency ('.) 80 80 80
Mechanical efficiency (') 96 96 96

TOTAL PRESSURE LOSS (%):
Combustor 5.C
Inter turbine passage 1 55
Exhaust diffuser 5.0 5.0

SPEED:
Gas generator (RPM) 33,060 33,060 33,060
Power turbine (RPM) 24,670 24,670 24,670

OVERALL PERFORMANCE:
Power turbine output (HP) 237 160 372
BSFC (lbs/hr-BHP) 1.435 1.799 1.305
Nozzle pressure ratio 1.02 1.02 1.02
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The turbofan cross-section (Figure 23 ) shows the length at 30.7 in. and
diameter at 16.0 in. The weight estimate of 140 lbs. includes the controls. The
performance at SLS, standard day shows that a thrust of 500 lbs. is generated at
an SFC of 0.91 lb./hr./lb. At the SLS, 59OF condition, the fan is operating at a
pressure ratio of 1.53, airflow of 16 lb./sec. and rotor speed of 17,500 rpm. The
fan performance requirements can be achieved using the aerodynamic design of a fan
recently tested at Teledyne CAE. The efficiency has been degraded, however, to
account for the application of low cost manufacturing techniques.

The thermodynamic state points throughout the turbofan flowpath are pre-
sented in Figure 24 at SLS standard day conditions.

The turbofan engine performance was then run for a range of altitude and
Mach numbers from sea level to 40,000 ft. and 0 to 1.0 Mach number and the re-
sulting performance is shown in Figure 25

A critical design parameter in the application of the low cost EG desiQn
vill be the allowable compressor discharge temperature to permit the use of alumi-
num in the main frame and compressor components. The variation of CDT over the
range of altitudes and Mach numbers in the turbofan application is shown in Fiqure
26 . The turbofan flight envelope will be limited on one extreme by the turbine
inlet temperature of 1800OF and on the other by the maximum compressor discharqe
temperature which will approach 400OF (Figure 27 ).

Table 4 summarizes the turbojet and turbofan overall performance toqether
with the component performance used in the preliminary analysis.

Table 5 summarizes the preliminary weight estimates for the JFS, T/J and
T/F configurations, including controls.
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TABLE 4

MODEL 306 AND 406 ENGINE PERFORMANCE
SEA LEVEL STATIC

STANDARD DAY

ENGINE

MODEL 306 MODEL 406
PARAMETERS TURBOJET TURBOFAN

FAN:
Pressure Ratio - 1.53
Adiabatic Efficiency (%)- 81.6
Speed (RPM) - 17,491
Bypass Ratio - 1.974

COMPRESSOR:
Pressure Ratio 2.67 2.54
Adiabatic Efficiency (0) 80.7 80.5

Speed (RPM) 33,055 33,055

HP TURBINE:
Turbine Inlet Temperature (OF) 1783 1811
Adiabatic Efficiency (%) 82.3 82.4
Horsepower Extraction 3.0 3.0
,%H/9 11.7 12.6

LP TURBINE:
Adiabatic Efficiency (%) 78.7
A H/9 14.5

OVERALL PERFORMANCE:
Net Thrust (Lb) 229 500
SFC (Lb/Hr/Lb) 1.563 0.910
Total Airflow (Lb/Sec) 4.06 16.0
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TABLE 5

PRELIMINARY WEIGHT ESTIMATES
GASIFIER MODEL - 506

MATERIAL WT.

Air Inlet & Accessory Bevel Drive Group

Nose Cone C.AL.12 2.39
Support Housing C.AL.14 1.40
Air Inlet & Combustor Housinq (Main Frame) C.AL.15 21.98
Oil Seals, Spacers, Brgs., Gears, Nuts, Pins 3.20

TOTAL 28.97

Compressor Group

Ist Rotor - Compressor C.AL. 0.72
2nd Rotor - Compressor C.AL. 0.70
3rd Rotor - Compressor C.AL. 0.68
4th Rotor - Compressor C.AL. 0.66
Ist Stator & Shroud C.AL. 0.76
2nd Stator & Shroud C.AL. 0.69
3rd Stator & Shroud C.AL. 0.72
4th Stator & Shroud & Housing C.AL. 2.05
Pins (12) 0.05

TOTAL 7.03

4 Combustor & Turbine Group

Turbine Rotor & Shaft C.STL 10.20
Nozzle - Turbine Inlet C.STL 16.50
Combustor Assembly 0.035 STL 7.00
Roller Bearing - Rear 0.30

TOTAL 34.00

TOTAL GASIFIER WEIGHT (LESS CONTROLS) 70.00
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TABLE 5 (continued)

JET FUEL STARTER MODEL JFS-206

MATERIAL IWT.

Gasifier 70.00

Starter Group

Outer Housing 0.05 STL 5.30
Clamp 2.10
Power Turbine Nozzle C.STL.08 7.24
Containment Ring STL 14.6
Exhaust Duct C.STL.08 10.50
Insulation 2.10
Power Turbine Rotor & Shaft C.STL 9.62
Reduction Gear Support Housing C.AL.15 3.52
Reduction Gear Rear Housing C.AL.15 2.86
Ring Gear STL 3.18
Clutch 0.60
Idler Gear STL 0.65
Support Idler Gear Assembly C.AL. 0.96
Pinion Gear STL 0.29
Power Gear STL 3.50
Bearing (6) 2.17
Locks, Seals, Spacers, Pins, Seal Hsg. 1.58

TOTAL 70.77

Controls

Ignition Coil 0.55
Alternator 0.92
Metering Valve 1.75
Hyd. Motor 1.85
Accy. Drive & Gear, Brgs. Assembly 2.5
Fuel Pump 0.75
Lines, Fitting 0.50
Electronic Control 0.70
Ignitors & Primers 0.15

TOTAL 9.67

TOTAL J.F.S. WEIGHT (LB) 150.A4
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TABLE 5 (continued)

FAN ENGINE MODEL - 406

MATERIAL WT.

Gasifier 70.00

L.P. Fan Group

Spinner C.AL.08 0.55
Transition Duct C.AL.15 12.9
Fan Rotor C.AL. 6.17
Brg., Nuts, Seal, Spacer, Pins 1.31

TOTAL 20.93

L.P. Turbine Group

Exhaust Duct C.STL.1O 14.5
L.P. Turbine Rotor & Shaft C.STL 15.6

L.P. Turbine Nozzle C.STL.10 10.2
Fan Duct AL.04 3.30
Clamp, Brg., Nut, Seals, Pins 2.80

TOTAL 46.40

Controls

Fuel Pump 0.45
Three-Way Valve 0.25
Valve Act & Housing 1.30

Ignitor, Lines, Fitting, Clamp 0.67

TOTAL 2.67

TOTAL FAN ENGINE WEIGHT (LB) 140.00
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TABLE 5 (continued)
JETENGINEMODEL_306 ________

MATERIAL WT.

Gasi fi er 70.00

Exhaust Duct C.STL.08 6.53

Clamp - Rear STL.06 1.20

TOTAL 77.73

Controls

Fuel Pump 0.,45
Three-Way Valve 0.25
Valve Act. & Housing .t
Ignitors, Lines, Fitting, Clamp 0.611

TOTAL 2.67

TOTAL JET ENGINE WEIGHT (LB) 80.40
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SECTION 4 - PRELIMINARY GASIFIER DESIGN (PHASE II)

4.1 COMPONENT PRELIMINARY AERODYNAMIC DESIGN

Preliminary analyses were performed for the Expendable Gasifier Components
including aerodynamic, mechanical and thermal. The components included the com-
pressor, combustor and turbine, both rotating and static structures. More detail
was applied to the combustor since that component was released for test hardware
at the end of Phase II. The level of effort for the preliminary aerodynamic design
consisted of definition of the flowpath, number of stators and rotor blades,
velocity triangles and efficiencies.

4.1.1 Compressor Design

Preliminary aerodynamic design of the Expendable Gasifier (EG) four stage
axial compressor is based on the sea-level, static, Jet Fuel Starter configuration
performance objectives established in Phase I.

The basis of the EG compressor design is a modified upscale of the Teledyne
CAE Model 469 compressor (Figure 28 ) incorporating optimized blading aspect ratios
and various design features for low cost manufacture. Most notable of the low cost
features is the use of a common rotor casting in all four stages. The low-cost,
cast blading will differ from conventional machined blading by having increased
edge radii and tolerance band widths, and possible increases in surface roughness
and rotor tip clearance.

The use of a common stator was unattractive because of: (1) it did not show
a significant cost payoff, (2) it presented a formidable attachment problem to the
outer shroud, and (3) it severely compromised the stage aerodynamic performance.
The use of individual stator designs makes possible the precise achievement of re-
ference incidence for all blade rows. This approach affords the benefits of: (1)
realizing the maximum design point performance potential, and (2) a broader, stable
operating range at off-design conditions.

Accomplishments during the preliminary design phase include establishing
the feasibility; the definition of preliminary flowpath (Figure 29 ), velocity
triangle data, and blading; and the definition of the procedure for final design.

The compressor is a subsonic, highly loaded, four stage machine derived
from an upscale of the Teledyne CAE Model 460 compressor. The design corrected
flow of the EG compressor is four percent higher than that which would result
from a direct upscale of the Model 469 at the design speed and pressure ratio.
The aerodynamic design point is shown below.

EG COMPRESSOR
AERODYNAMIC DESIGN POINT

Corrected Speed, N/1-- rpm 33,060
Corrected Flow, W-1/8 - lbm/sec 4.023
Pressure Ratio 2.86
Adiabatic Efficiency - percent 80.0
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With emphasis on low cost, the principal guideline was the requirement for
the use of a common castings in all four stages. Common rotors and stators were
considered during the prelim.nary design phase. Initially, the possibility of
direct adaptation of Model 469 blading was explored with regard to commonality.
Model 469 blading metal angles were plotted against radius, (Figures 30 and 31).
However, the compromise was not feasible for rotor exit metal angle since there
were stage-to-stage variations of as much as eleven degrees at constant radius.
Stator metal angles (Figure 32 ), both inlet and exit - agreed closely from stage-
to-stage such that a common stator could be utilized for the Model 469 or a
scaled derivative with minimal adverse effect. Since rotor angles could not be
satisfied with a common design in all four stages, the adaptation of upscaled
Model 469 blading was dropped from consideration. However, an upscale of the
Model 469 flowpath was used as the starting point for the EG compressor prelimi-
nary design.

The preliminary EG compressor flowpath shown in Figure 29 , is upscaled
directly from the Model 469, with the scale factor on linear dimensions being
1.3166. Axial dimensions were modified to equalize rotor and stator aspect ratios
for each stage on the basis of common rotor and stator blading. Relative to Model
469, rotor aspect ratios were reduced and stator aspect ratios increased, as shown
in the following table.

ASPECT RATIO COMPARISON

Blade Row EG 469

Rotor 1 1.512 1.560
Stator 1 1.488 1.341
Rotor 2 1.309 1.366
Stator 2 1.320 1.189
Rotor 3 1.172 1.218
Stator 3 1.184 1.067
Rotor 4 1.054 1.098
Stator 4 1.073 0.967

Axial gaps between blade rows were set at 0.180 inch.

The EG Jet Fuel Starter front frame inlet duct flowpath, Fiqure 33 , was
defined to allow insertion of flowpath fairings to satisfy turbojet, and turbofan
configuration requirements. Four equally spaced struts are included in the inlet
duct at an inclination of 10.5 degrees from radial. Maximum strut thickness is
0.80 inch while chord is 3.00 inches. Figure 34 shows inlet duct area distri-
butions for the JFS and a typical turbojet configuration. The preliminary fan
configuration of Figure 23 assumes a constant transition duct Mach number and
thus would have a nearly constant area. Wall meridional velocity distributions
For the JFS baseline configuration are shown in Figure 35.

50



70 ROTOR

01
0 2
03

60

FOR COMMON ROTORS

50

r 1.5 2.0 2.5

RADIUS 21903
INCHES-

Figure 30 Model 469 Compressor Rotor Inlet Metal Angle vs. Radius.

51



40

FOR COMMON ROTORS
30 -f- ... ____ ___

20 -

z

wU W 10
SROTOR I

w - !?- - --- 0 1
w52

0 0 0 A4

.1 ~-10- - _

-204-- -4 -___

1.5 2.0 2.5

RADIUS
-INCHES- 21908

Figure 31 .Model 469 Compressor Rotor Exit Metal Angle vs. Radius.I 52



56 STATOR
aO 1

03

52 -4 _

50

48

46-
STATOR INLET
METAL ANGLE 44 -

-DEGREES-
42-

40

38

36 __ ---- --

34

-8
STATOR EXIT
METAL ANGLE -10 OfT-

-DEG-

1.5 2.0 2.5
RADIUS -INCHES-

21935

Figure 32 .Model 469 Compressor Stator Metal Angles vs. Radius.

53



CN

LUU
x nn

1 0

0 c0

-J Z

Vw
L) S-

o z
-Z 

1
ccn '0ru

U- 4J-

-0

Z ~.- L

U.-

'4-
-4-J

C 0

-S3HONI-

LL-

54

J.



JET FUEL STARTER CONFIGURATION

O JFS WITH 4 STRUTS; tmax 0.80 in., C = 3.00 in.
* JFS WITHOUT STRUTS
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Preliminary design point velocity triangle calculations for the EG com-
pressor were obtained with the use of a computer program. The program performs
axial compressor off-design performance calculations with account of variable
specific heat and full radial equilibrium, including streamline curvature and
radial gradients in total enthalpy and entropy.

As a consequence of using an off-design program, there are significant
differences in the procedure and results from those of a conventional design ap-
proach, (Figure 36 ). Most notable is the fact that in the off-desiqn approach,
blade geometry details are inseparable from the velocity triangle solution. In
addition to input of flowpath, assumed blockage distribution and bladinq qeometry,
it is also required to select (1) the means of determining reference incidence,
(2) the method of calculating deviation angle, and (3) the appropriate loss para-
meter vs. diffusion factor tables. During the course of the preliminary design,
considerable evolution occurred to satisfy each of these three aspects.

The preliminary design velocity triangle calculation results for the
Expendable Gasifier compressor are shown in Table 6. The velocity triangle data
are for a configuration having a common rotor in all stages but individual stator
designs for each stage. The stator metal angles were not yet optimized to
obtain minimum loss incidence for each blade row, and the rotor metal angles were
not adjusted to provide exactly the desired overall pressure ratio and flat exit
pressure profile. These tasks were accomplished in the final design phase.
The feasibility of the design objectives and approach, however, were supported
by the fact that the levels,'ef all aerodynamic variables and loading parameters
fell within the range of Teledyne CAE previous design experience.

Preliminary rotor and stator airfoil sections were defined graphically at
seven radial locations to provide a basis for manufacturing cost estimates. A
further iteration was made with minor changes in the blading to obtain aerodynamic
parameters from an updated program version. The preliminary stator definition is
based on the common stator approach.

The preliminary rotor and stator were generated on conical surfaces that
approximate the design streamlines of revolution for the velocity triangle solu-
tions of the'first stage. Double circular arc (DCA) airfoil sections (sections
having equal inlet and outlet segment turning rates on conical surfaces) were
selected for the rotor on the basis of relative inlet Mach numbers ranging from
0.64 to 0.95. The preliminary stator airfoil sections were similar, the exception
being the placement of maximum thickness at 40 percent chord to simulate a 65
Series thickness distribution since stator inlet absolute Mach numbers were 0.7
or less.

Certain changes from normal airfoil section definition practice were made
for consistency with the casting process anticipated for the manufacture of the
rotor and stator. Section edge radii were increased 50 percent for machined blading
of this size. Tolerance band width was similarly increased from +0.002 to +0.003
inch.
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Current indications are that the cast airfoil surfaces have finishes in
the 40-80 microinch range or better. This is comparable to current specification
for other compressors having similar sized blading (including machine airfoils,
as for Models 471 and 555 compressors). Since these surface finish levels can
in fact be achieved (at no cost penalty) there is no appreciable performance
decrement for the EG compressor.

The final design procedure to be employed in the EG compressor velocity
triangle calculation and airfoil definition is illustrated by the logic path of
Figure 37. With the flowpath defined and with the requisite loss, incidence
and deviation models established, the successive adjustment of rotor exit metalangle and stator inlet and exit metal angles was performed to satisfy the overall

pressure ratio objective with a reasonable flat exit pressure profile.

4.1.2 Combustor Design

The flowpath for the combustor is shown in Figure 38 . The combustor
flowpath is of the reverse flow-type, with air outside the liners moving in a
direction opposite to that inside the liners. Air from the compressor diffuser
enters a small plenum inboard of the expendable gasifier turbine inlet nozzle
where approximately one-half of the air is turned 180 degrees to flow forward
through the inner annulus formed by the combustor inner liner and the compressor
housing. The remaining air flows radially outward through the hollow turbine
inlet nozzles (and in the process, regeneratively cools them) into the outer
annulus formed by the combustor housing and outer liner. The combustor is fabri-
cated from Haynes 556 sheet metal with punched holes for liner cooling and dilu-
tion air.

Figure 38 also shows the preliminary air distribution for the combustor.
Seven sets of cooling holes have been estimated for the outer and inner liners
perforated sheet requiring about 24 percent of the flow. Thirty-six percent of
the air enters the primary zone while about 40 percent is used for dilution flow.

Several combustor parameters calculated during the preliminary design ef-
fort are presented below:

Heat Release Rate - 9.3 MBTU/Hr/Ft3/ATM
Residence Time - 9.3 m sec
Reference Velocity - 57 ft/sec
Pressure Drop - 10 percent
Temperature Rise - 1516OF
Combustor Efficiency - 95 percent

The combustor has a relatively high heat release rate, however, both the relatively
low residence time and high reference velocity indicate that the combustor should
yield good starting characteristics, design point performance and, fairly uniform
temperature distribution factor (TDF) of 0.20 exit temperature distribution. The
combustor Mach numbers and local pressures throughout the combustor cavity are shown
in Figure 39 . The primary zone is designed to operate at stoichiometric equivalence
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lure 37 Expendable Gasifier Compressor - Final Design Procedure Logic Path.

63.-j



0
C4-

S.-
4-I

*IgoI

S.-

CMC

'U

0

.-
41'

-

E
0

CID

n

62



C14 w

V-4-v

C.)-

C" ~ 0 Z

CV)

Cs

41,

:3
M

II-

41i

M 0

CV))

41)1 4 r1to
63L



ratio ( ), while the equivalence ratio within the vaporizer pipes is set outside the
flammability range at 4.45. Primary holes in the inner and outer liners provide the
driving force for recirculation and flame stabilization. Dilution ports are 180 de-
grees opposed thus providing the strong mixing action necessary for control of the
exit temperature profile and achievement of the design TDF of 0.2, (Figure 40 ).

Estimates of liner metal temperatures based on the film cooling model shown
in Figure 41 , indicate maximums below 1400OF (Figure 42 ), with the cooling hole
configuration shown. Should subsequent analysis indicate that this level of liner
temperature results in too high a heat input to the combustor housing, dilution air
will be traded off for cooling flow and the liner temperature reduced. An alternate
double wall liner construction has been devised (Figure 43 ), in the event that ef-
forts to tradeoff liner cooling and dilution air fail.

During the course of combustor hardware procurement, it was observed that
considerable expense is related to the tooling required for punching unique hole
patterns in sheet metal. The expense is also compounded by the effort involved
when specifying high temperature alloys such as Haynes 556. In order to circumvent
the expense, a search was conducted for existing tooling which would meet the hole
pattern requirements if not exactly duplicate them. Figure 44 shows the selected
(available) pattern compared to that desired during the preliminary design. A
comparison of the film coverage indicated that the available pattern would be ade-
quate and yield the same metal temperature distribution as shown in Figure 3-14.

The fuel distribution system employed for the EG combustor is shown in
Figure 45 . Fuel enters from the manifold cast integrally in the main frame into
each of fourteen injection points. A metering orifice restricts the fuel flow to
the desired valve and the fuel flows through the fuel tube into the primary pipe.
Inside the primary pipe it mixes with combustor air, vaporizes and flows into the
primary zone of the combustor.

The ignition system (Figure 46 ) consists of two sets of ignitor, primer
nozzles placed 90 degrees apart. The primer nozzle receives fuel at the start
command initiation from the primer fuel manifold cast integrally in the main frame.

An estimate of the combustor performance is shown in Figure 47 for the

three engine applications, JFS, T/J and T/F at selected operating conditions.

A summary of the Combustor Design Parameters is presented in Table 7.
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TABLE 7

COMBUSTOR DESIGN PARAMETERS

Engine Airflow, lb/sec 3.862

Compressor Discharge Pressure, psia 40.31

Compressor Discharge Tempeature, OF 284

Fuel Flow, lb/hr 341

Fuel - Air Ratio 0.0245

Total Pressure Loss - 10.0

Average Exit Temperature, OF 1800

Reference Velocity, ft/sec 45.6

Isothermal Residence Time, Milliseconds 8.88

Aerodynamic Loading, lb air 2.087
sec ftJatm2

Heat Release Rate, MBTU 9.30
Hr ftiatm

Combustor Inlet Mach Number 0.324

Reference Area, ft2  0.608

Combustor Length, ft 0.548

Combustor Annulus Height, ft 0.1796

Combustor Length to Annulus Height Ratio 3.05

Number of Fuel Injection Points 14

I
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4.1.3 Turbine Design

The Expendable Gasifier turbine was designed to satisfy the followinq per-
formance objectives:

a H 12.9 BTU
0cr TV

N = 16,080 RPM PRT.T 1.575

T-T = 82.50, (minimum)
WNr = 871 lb = 1800F
860 SEC Ii T I r 80O

At the design point, the turbine rotational speed is 33,060 RPM. The oreliminary
flowpati (Figure 48 ) shows that the nozzle has 13 vanes and the rotor 26 blades.
Initially twelve nozzle vanes were analyzed, however, the number was changed to
thirteen to avoid possible rotor excitations caused by even multiples. The pre-
liminary velocity diagrams are shown in Figure 49 . They show that the desiqn
of the turbine is conservative in that the hinhest Mach number (0.663) occurs at
the nozzie tip discharge. In addition, the velocity diagrams show that an averaq(
exit swirl of 7 degrees exists at the turbine exit (a level which is deemed acceD
able for a gasifier turbine).

The nozzle design (Figure 50 ) consists of an integral 13 vane casting V;
generous v, all thicknesses and tolerances for ease of castability. The nozzle vanE
section is of constant profile from hub to tip. A flow analysis on the vane (Fiat
51 ) shoved that good acceleration is achieved along the suction and pressure sul
faces. A small amount of diffusion on the suction surface near the trailinq edge
was determined to have negligible effect on the vane performance based on a pre-
liminary boundary layer analysis.

The rotor design performed resulted in a 26 bladed integral castinn with t
blade stacked on the center of gravity of the sections, (Figure 52 ). Phase III
analysis will investigate whkther it will be advantaqeous to lean the blade to
counteract gas bending loads. A flow analysis was performed at the critical aero-
dynamic section (Figure 53 ) and the velocity distribution results (Figure 54
indicate that the design is satisfactory for the preliminiary blade section.

The flowpath analysis consisted of a streamline analysis which incorporate
combustor TDF (Figure 55), radial distribution of stator and rotor losses (Figur
56 ), anO radial work distribution (Figure 57 ), in order to achieve the most
realistic preliminary design and minimize the number of iterations during the Phas
III detail design. Some of the solient blade row design parameters are summarized
in Table 8.
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Figure 48 .Preliminary EG Turbine Flowpath.
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Figure 49 .Preliminary EG Turbine Velocity Diagrams.
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Figure 52 Rotor Blade Sections Stacked on Center of Gravity.
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During the design effort several considerations were examined in regard to
the efficiency potential of the EG turbine.

Figure 58 considers only the effect of aerodynamic losses on turbine ef-
ficiency and shows that the EG turbine has an efficiency potential of 86.8 percent.
The effect of nozzle trailing edge thickness and tip clearance on efficiency (Figure
59 ) shows that with generous tip clearance (0.027 in.) and trailinq edge thick-
ness (0.042 in.) the decrement is less than one percentage point. The summation of
all possible efficiency decrements which could occur in a production engine turbine
are listed in Figure 60 . The range of efficiency is 85.3 to 82.0 percent result-
ing in an average of 83.7 percent.

A preliminary off-design turbine performance analysis was performed and
produced the map shown in Figure 61 . The efficiency objective of 82.5 percent
at design point was used as the baseline for the map generation so the map is a
conservative estimate. It does indicate however, that a large limit load c.pa-
bility exists and no efficiency fall off with decreasing power output - a very
desirable characteristic for an APU gasifier turbine as well as a JFS turbine.

4.2 COMPONENT PRELIMINARY MECHANICAL DESIGN

The preliminary mechanical design for the compressor, combustor and turbine
components of the Expendable Gasifier (EG) consisted of the following items;
definition of the blade and disk stresses, rotor dynamic analysis (critical speeds),
bearing and lubrication system, accessory systems interfaces, design layout and
detail component drawings to determine fabrication costs.

4.2.1 Blade and Disk Preliminary Stress Analysis

The structural design criteria used in sizing the rotors for the EG are shown
in Table 9.

The combined nas bending, centrifugal P/A and untwist stresses, based on a
tapered twisted beam analysis, are compared to the minimum IN-l00, 20 hour stress
rupture strengths in Figure 62 . The stress rupture curve is based on an estimated
spanwise temperature distribution corresponding to an average turbine inlet tempe-
rature of 18000F. A margin of 12 percent exists at the 50 percent span location
and is deemed adequate for the preliminary design.

The life controlling factor ii the design of the cast IN-100 turbine disk
is the low cycle fatigue (LCF) requirement of 2,000 start-stop cycles. A start

Iradient assuming a thermal gradient of lO00OF from bore to rim (based on the se-
cond staqe SLCM type rotor) was used to obtain a preliminary rotor size. The re-
sultin9 disk shape and the elastically calculated stresses, which ignore the ef-
fect of the integral shaft, are shown in Figure 63 . This disk shape satisfies
the L('F reqjirement on a oreliminary basis. The turbine blade and disk stresses
,ire summarized in Tablet0.
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A simple beam type analysis of the turbine blade indicated a resonance
with the originally selected 11 inlet nozzle vanes at 30,000 rpm, as shown in
Figure 64 . The margin between the blade frequency and the H1E exictation at
maximum speed is about 10 percent. It was desirable that the number of nozzles
be increased for the following reasons:

1. To increase the margin between the vane excitation
and blade frequency at maximum speed.

2. To reduce the resonance speed of the first bendina
mode.

3. To eliminate the possibility of reinforcing sources
of blade excitations that are Trultiples of the vane
passing frequency subharmonics, by maintaining tne
number of vanes as a prime number.

The number of vanes was increased to 13 vanes so that criteria above v ou!
be satisfied. The margin between the first bendinq frequency and desion point
vane excitation for 13 vanes is shown to be 30 percent (Fiqure 64 ).

The four compressor blades were checked for centrifua~l P/A stresses. Maxi-
mum P/A stresses were 6.0 to 4.3 ksi on the first through fourth staqes respect~ivE,
at 33,500 rpm. These stresses result in yield safety factors of 4.7 to 6.3 for
aluminum.

Centrifugal stresses were calculated for the first staqe rotor disk. 7he
maximum bore stress at 73,500 rpm was 11.8 ksi with an averaqe tangential stress
of 8.3 ksi. This results in a burst speed martiin of 77 percent using a burst
factor of 0.75 for cast C-355-T61 aluminum. The remaining three disks were esti-
mated to have greater margin than the first as shown in summary Table 11.

The integrally cast compressor rotor design shows qenerous structural
margin on the preliminary basis.

4.2.2 Static Structure Combustor Housing

The combustor housing hocp stresses are low for 0.18 irch thickness at sea
level static operation conditions. For the jet fuel starter application, the
hoop stress is less than one ksi for a 20 hour stress rupture safety factor of
more than 20 at 4000 F, for C-355-T61 cast aluminum. The hoop stress for the fan
engine is 1.5 ksi for a 20 hour stress rupture safety factor at 16 at 4000 F.

4.3.3 Rotor Dynamics

The results of the critical speed analysis indicated that an increase in
shaft stiffness was necessary to provide an adequate third critical speed margin.
The critical speed curves (Fioures 65 and 66 ) are based on a shaft diameter of
of 1.56 inch.

95



REF: SEQ 83401

2nd BENDING

1628

14

10

D 8X

LL r

6%

ROTO SPEE (100 RPME

96i

8______ E

.'0



'i

PIN JOINT STIFFNESS
KpR = (10) 6

KpM = 6(10)5

SHAFT O.D.= 1.56

1,000,000 -

r 
VC

U, i
1--

z 100,000 (L

w Iw w

zI l

OCI

< 0

CRTIA SPE RM 28

z. 0

977

0 z'

L 'U



PIN JOINT STIFFNESS
KPR = (10) 5

KpM = 6(10)4

SHAFT O.D. 1.56

1,000,000

z

CC,

-J

m 100,000
0-

Z0

z w C

FE

<

0
Xa.

I'I-

z

C 0L

n.'0

10,000 _

1,000 10,000 100,000

CRITICAL SPEED - RPM

22380

Figure 66 Expendable Gasifier Critical Speeds.
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Each of the two critical speed curves presented is based on a specific value
of pin joint stiffness, either 1,000,000 lbs/in. radial springrate and 600,000
(lb.-in.)/rad. moment rate, or 100,000 lbs/in radial springrate and 60,000 (lb.-in.)
rad. moment rate. The radial and moment springrates are interdependent; their re-
lationship depends primarily on the diameter of the shaft at the pin joint. It is
estimated that the actual stiffness will fall between these values; probably closer
to the lower springrate.

At the third critical, a margin of 26 percent is obtained with the lower
value of joint stiffness, and 43 percent for the higher value. The final design
will be analyzed to ensure that the joint spinrgrate is maintained at a sufficiently
high level not only to assure that the 26 percent critical speed marqin is main-
tained, but also to assure the critical speed margin is large enough that it does
not result in requirements for time consuming balancing procedures, or costly manu-
facturing tolerances.

To prevent a first or second critical speed from occurring close to the
desiqn operating speed of 33,050 rpm, the combined front bearing and support struc-
ture sprin-jrate must be less than 60,000 lbs. in., while the combined rear be;rin
and sup'port springrate must be either very stiff (qreater than 106 lbs./in.) o: o1nde-
rately soft (less than 150,000 lbs./in.). Since it is not practical to obtain a
completely rigid combined bearing and support structure springrate (possible thermal
radial growth stress problems, inherent bearing springrate, etc.) it is desirable
that the rear structure be designed to incorporate the lower springrate.

The front bearing support structure design (Figure 67 ) was designed to
incorporate sufficient flexibility. The final design will be analyzed to ensure
that it satisfies the springrate requirements. It is also desirable that the
radial springrate of the rear bearing support structure be determined experimen-
tally when the part is fabricated. If the combined bearing and support sprinnrate
results in a critical speed problem, additional flexibility can be provided by in-
serting a flexible ring between the bearing O.D. and the bearing housing, which
must be bored out to accept the ring. The housing is designed with sufficient
radial thickness to accommodate the additional radial space required by a flexible
ring. The results of the critical speed anlaysis are summarized in Table 10.

4.2.4 Bearing and Lubrication System

The Expendable Gasifier bearing and lubrication system consists of a front
shaft mounted thrust (ball) bearing with self-contained (pot) lubrication and a
rear shaft mounted roller bearing with fuel-air mist lubrication.

The ball bearing was selected on the basis of the lowest cost bearinq which
would meet the EG requirements. The bearing specifics are given below:

TYPE: BALL

SPECIAL FEATURES: FRACTURED OUTER RING, OUTER RINGS
RIDING RETAINER
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MATERIALS: INNER AND OUTER RINGS
SAE 52100 STL (VACUUM DEGASSED)
HARDNESS: RC 60 MIN.

BALLS
SAE 52100 STL (VACUUM DEGASSED)
HARDNESS: RC 60 MIN.

RETAINER
AMS 6415 STL, ONE PIECE MACHINED,

ON: 1.155 x 10LVER PLATED
BIO LIFE: +10,000 HRS. BASED ON 150 LB. THRUST LOAD AND

100 LB. RADIAL UNBALANCE
TOLERANCE CLASSIFICATION: ABEC-5

The lubrication scheie selected for the EG shown in Fiqure 68 is a self-
contained (pot-lube) system which is capable of serving not only the JFS and I/C
apolicarions but also the T/F application without modification. In operation, the
oil is pumped by the accessory drive bevel gear into passages which direct the oil
at t e bearing inner race. Excellent heat transfer is achieved to cool the oil by
the oil contact with the aluminum housing which is cooled by the compressor inlet
air. A nose cover of polyether sulfone thermoplastic permits visual inspection of
the oil level in the sump to assure a safe level for operation.

The roller bearing was also selected on the basis of lowest cost to achieve
adequate operation. The bearing specifics are given below:

TYPE: ROLLER
SPECIAL FEATURES: OUTER RING RIDING RETAINER,

EXTENDED INNER RING
MATERIALS: INNER AND OUTER RINGS

CEVM M-50 TOOL STEEL
HARDNESS: RC 60 MIN.

ROLLERS
CEVM M-50 TOOL STEEL
HARDNESS: RC 60 MIN.

RETAINER
AMS 6414 STL, RC 30-38, ONE
PIECE MACHINED, SILVER PLATE

ON: 1.32 x 106
FIO LIFE: +10,000 HRS. BASED ON A 100 LB. RADIAL UNBALANCE
TOLERANCE CLASSIFICATION: RBEC-5

The lubrication scheme for the rear bearing was selected based on the success-
ful proven VSTT fuel-air system. In operation, fuel is delivered from the main
fuel supply to the fuel transfer tube (Figure 69 ) and directed through a jet at
the roller bearing inner race. A preliminary estimate indicates that two percent
(not included in SFC) of the EG fuel flow at the SLS, 59OF JFS desiqn point condi-
tion will be required for the rear bearing cooling flow. Upon enterino the bearing
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I IN

FUEL TRANSFER TUBE

EXPENDED

AIRFLOW FUEL

REAR BEARING

FUEL FLOW APPROX. 75 C.C./MIN. 22385

Figure 69 . EG Rear Bearing and Lube System.
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cavity the fuel mixes with leakage airflow from the compressor and passes throunh
the bearing. The expended fuel air mixture (outside the limits of iqnition) flows
into the turbine rotor gas path.

4.2.5 Accessory System Interfaces

The operation of the EG in all applications is dependent on the accessory
drive system (Figure 70 ) consistinq of a drive/driven bevel aear set, an accessory
bearing set and a full-floating accessory drive shaft. The accessory drive trans-
mits power to the EG main shaft during start and acceleration and from the main
shaft to drive the fuel pump and alternator during operation. The design criteria
for the drive system is stated below.

1. Starter Output Torque 84 In-Lbs
2. Starter-to-Engine Speed Ratio 0.625
3. Starter Cut-Out Speed 10,000 rpm

@ Engine Speed 16,000 rpm
4. Continuous Acc'y Drive Load 3 HP

Fuel Pump Drive 1 HP
Alternator Drive 2 HP

Gears are designed for unlimited life after applyinq a
misalignment (operating) factor of 1.5 to account for
the overhung mounting of the gear set.

Preliminary studies of the overhung bevel gear design (Figure 71 ) indi
cate that the mounting is satisfactory for the starting load of 84 in.-lbs. tor-

que at the starter pad up to a starter cutout speed of 10,000 rpm (16,000 engine
rpm) and a continuous accessory drive load at maximum engine speed (33,050 rpm)
of 3 H.P. The accessory load is comprised of a 1 H.P. fuel pump, and 2 H.P.
alternator for electrical power extraction. A misalignment (derating) factor of
1.5 has been used to account for the overhung mounting of the gear set, i.e., thf

calculated applied gear tooth is increased by 50 percent to account for the over.

hung mounting. Under these conditions, the bevel gear set with the specified
material, processing, and tolerances will exceed all life requirements.

4.3 ESTIMATE OF STARTING DRAG TORQUE AND ACCELERATION OF THE JFS 206

4.3.1 EG Starting Drag Torque Estimate

The Expendable Gasifier torque characteristics (Figure 72 ) have been
determined by scaling available in-house reference data using the following quanti-
ties:

EG REF
Wa 4.02 1.75
PR 2.86 3.10

N/0-33,060 74,700
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Figure 72 . Expendable Gasifier Drag Torque Characteristics During
Acceleration.

109



The torque required or developed by the Expendable Gasifier has been taken
to vary directly with compressir airflow, (PR) 0.286, and inversely with rotational
speed. The ratio of speed at the start motor pad to gas generator speed has been
taken to be 0.67. The maximum speed at the start motor pad is 22,100 rpm which
corresponds to a gas generator speed of 33,060 rpm. Expendable gasifier iqnition
occurs in a speed range between 13 and 20 percent of maximum. At speeds less than
that at which ignition occurs, a drag torque exists which must be overcome by the
starting device.

The shape of the drag torque curve depends on the temperature at tne enqine
inlet. At standard temperature or higher, engine drag torque increases up to igni-
tion speed. This is due to increasing airflow passing through the enaine. How-
ever, when the inlet temperature drops to -650F, the drag torque becomes maximum
at zero speed and then decreases as the engine approaches ignition speed. This
characteristic can be attributed to the high viscosity of the bearing and accessory
gear train lubricants which exists at these low temperatures. In this sense, the
trend of the drag torque at low temperatures is correct but the magnitudes of tne
torques given may be inaccurate since it is unlikely that these torques will scale
according to the procedure given above. The estimate, however, is considered to be
reasonably accurate for the preliminary design estimate.

4.3.2 JFS 206 Acceleration Estimate

The JFS 206 starting capability was applied to a typical low bypass ratio
turbofan engine in the 25,000 lb. thrust class (I = 103 lb-ftc at the power take-
off PTO).

The start and acceleration control for the JF, 206 was described in Section
2. Basically the control was devised to permit JFS start by pilot command and cat-
Out automatically after the main engine self-sustains by sensing speed at the PTC.
The torque and power characteristics ofthe JFS as a function of speed at the PTO
is given in Figure 73 for the SLS 590F condition. Estimates of main enaine start-
ing characteristics were made for the SLS condition at two temperatures 59OF and
1250F. The results are shown in Figures 74 and 75 . It can be noted that the
lapse in power of the JFS with ambient temperature (230OF to 163 HP) does not im-
pair the starting capability of the JFS since adequate margin exists at the main
engine drag torque peak at the 125 0F condition. The acceleration transient esti-
mate is shown in Figure 76 as percent shaft speed as a function of time for the
EG shaft and the PTO shaft at the SLS 1250F day condition,

4.4 EXPENDABLE GASIFIER COST ANALYSIS

The factors which enter in the total cost of a gas turbine engine can be
divided into two categories, acquisition cost and life cycle cost. Acquisition
costs are affected by the design of the unit and the production rate over a finite
production time frame. Life cycle costs are affected by maintenance, parts re-
placement, overhaul, and accountability paperwork in addition to acquisition cost.
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Figure 76 Estimate of JFS Transient During Starting of Typical Turbofan
Engine.
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To achieve low cost for the expendable gasifier core engine, all of the
above-mentioned items are considered. The concept of a throwaway core engine has
been the intent of the program since the program start. Life cycle costs are con-
siderably reduced when this concept is applied. It has been observed that the sum
of maintenance and overhaul costs of existing JFS systems are nearly equal to the
acquisition cost and in many cases those costs are exceeded before the expected time
between overhaul (TBO) has been reached. The expendable gasifier core, which is
easily replaceable, would be removed after 2000 main engine starts by removing two
quick-assembly-disconnect (QAD) VEE-band clamps as shown in Figure 77 . A new
unit would be installed in its place in a matter of minutes. The power turbine
module and the control and accessories have proven to have considerably longer life
than the gasifier and are not expendable.

In order to make the throwaway concept pay off, particular attention must
be given to acquisition cost. Reference 1 describes the initial conceptual studies
which addressed designing a JFS for low cost from the beginning of the design pro-
cess. During the preliminary cycle analysis low cost is considered by: (1) choosing
adequate performance objectives to meet mission requirements; (2) selecting conser-
vative estimates of component efficiencies to permit manufacturing trade-offs end
minimize development cost; and (3) selecting a relatively low pressure ratio/low
turbine inlet temperature design -or minimal use of costly materials.

The preliminary design phase usually has the most critical impact on design-
to-cost. During this phase, mechanical, aerothermo, structural, materials and manL-
facturing engineering must combine talents and work toward minimizing the iterations
between flowpath engineering, construction and assembly techniques to meet mission
requirements. A few of the low cost design features of the expendable gasifier de-
rived during the Phase I process are:

1. Extensive use of aluminum castings (low cost, lightweight).

2. Identical rotor castings for all four compressor stages withthe tip diameters machined to form the individual rotors.

3. Pot-lube front bearing and fuel lubricated rear bearing (no
maintenance required - completely self-contained).

4. Main frame casting containing fuel passages for primer fuel,
main fuel and rear bearing lube (no external tubing required),
Figure 78

5. Radial pin construction to reduce piloting requirements.

6. Relaxed requirements on surface finish, flow surface tole-
rances and airfoil thickness to ease casting difficulties.

7. Accessory drive bevel gear set: conventional hardened gear,
not ground.

8. Perforated sheet metal combustor shell.
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9. Turbine inlet nozzle: monolithic casting with hollow air

cooled vanes.

10. Turbine rotor cast to net shape and EB welded to shaft.

11. QAD flanges: permits quick assembly of gearbox and
derivative modules.

12. A low rotor speed (33,000 RPM) allows the use of cast
aluminum for the compressor rotors.

Some of the low cost features and materials mentioned above are shown in
Figure 79 . Detail cost estimate drawings of the individual gasifier parts were
prepared and distributed to vendors. Several quotes were obtained on each part and
the lowest quote was chosen for the cost estimate. The quotes were based on pro-
duction quantities of 500 units per year for 5 years for a total of 2,500 units.

Production rate has the greatest influence on unit cost of any nroduct.
Typically, automotive type production rates achieve the lowest possible costs.
Part of the expendable gasifier intent is to achieve the highest possible produc-
tion rate by having a common core for jet fuel starters, turbofans, turbojets.
Even with those applications, the total estimated production quantity doesn't come
close to automotive type of production units. The relatively low level of produc-
tion rate experienced by the gas turbine manufacturer restricts the dollar invest-
ment in automation and tooling which would contribute to lower unit cost. Reference
2 shows that the cost reduction with increasing production rates can be as much as
10 to 1 for a rate of 2,500 parts per year. However, for 500 parts per year, the
cost reduction is only two to one.

Cost data received from vendors on the expendable gasifier parts (Fiqure
80 ) have indicated a 50 percent reduction for 2,500 units on a 500/year basis
which is in fair agreement with Reference 2. However, if all 2,500 engines were
produced in one year, the cost reduction could be expected to be tenfold.

Production cost has been subdivided into various categories by Design-to-
cost analysis. Figure 81 shows a breakdown of costs in the form of the engine
cost "tree" (Reference 3).

The cost of producing the specific parts of an engine are compiled into
cost summaries for engine groups and for the total engine. This cost summary is
then evaluated with respect to the initial cost objectives and commitments and
also serves as an iterative cost model.

The method is based on: (1) identifying the elements of engine cost, at
the part design level; (2) providing the designer with "real time" knowledge of
the cost consequence of his design decisions; and (3) providing program management
visibility of on-going success in achieving cost targets. Other constraints and
considerations addressed, in the development of this method, are:
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1. It must provide sufficient detail to be useful for
the appropriate phase of design.

2. The method should be compatible with manual as well
as data processing compilation procedures (Reference 2).

3. The approach must provide the manufacturing engineerinq
activity with sufficient information to critique the de-
sign intent and contribute to achieving the cost objective.

The approach applies the cost-tree procedure to allocate initial cost
objectives and commitments to engine groups, parts and controls/accessories.

During the design process, the cost of manufacturing (or acquirinq) each
part is compiled by finite elements. The elements include the manhours fCr indivi-
dual manufacturing operations, the material costs and the support costs (in man-
hours and materials) of inspection, tool support and applicable overhead opera-
.ions. Manhour and material costs are entered at "burdened" values and performance
,ces and antiticpated scrap rates are included for each operation, or summarized

ro i each part.

The method facilitates evaluating the cost consequence of a chanqe in desion
and/or manufacturing operations. It also allows for estimating or specifying cost
objectives as a function of production quantitites and delivery rates. (Burdened
rates are used for material and labor but the burden (overhead and material handling
costs) may vary as a function of the production quantity being estimated.

The EG cross-section shown in Figure 82 identifies the major parts and
subassemblies which evolved from the Phase II preliminary design. The turbojet,
turbofan and jet fuel starter unit costs were estimated from the cross-sections
without preparation of detail component drawings. The JFS, T/J and T/F assembly
drawings are shown in Figures 83', 84 , 85 respectively.

The primary items which effect production unit cost-have been identified
as:

p u Raw material and vendor costs
2. Manufacturing operations I
3. Assembly

5. Shipping

Item 1, raw material and vendor costs were obtained for all of the parts
procured as vendor supplied parts. At least three quotes for each major item were
obtained to get a representative estimate. As those parts are received by Teledyne
CAE receiving/inspection, they are sent through the various manufacturing processes
necessary to produce finished parts for engine assembly.
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The expendable gasifier estimate shown in Table 13 indicates that all ven-
dor supplied (castings, fabrications and finished parts) will cost $3168. ($3900
including handling), in 1976 dollars.

The manufacturing cost analysis performed on the EG included the cost in-
crements of manufacturing operations (machining time, set-up, tool support, in-
spection, scrap and rework, wash and degrease, manufacturing efficiency, non-
recurring tooling), assembly, test rework and shipping. The analysis indicated
that approximately 132 hours will be required based on the 400th production engine.
The variation of manufacturing hours required per enaine over a production run of
2,500 engines was determined by applying an eighty percent improvement curve to all
engines before the 400th engine and a 95 percent learning curve for all engines
after the 400th. The average number of hours per engine is approximately 134 over
the entire production run of 2,500 engines. Based on that analysis, it is esti-
mated that all manufacturing costs will be approximately $3900 for a resulting
total gasifier cost of $7800 not including cost of tooling. The cost of non-
recurring tooling for the gasifier is estimated to be approximately one million
dollars. All cost analysis data is based on 1976 dollars.

The cost of the jet fuel starter (Model 206), turbofan (Model 406) and
turbojet (Model 306) were determined by estimating the material and manufacturinq
labor required for the parts associated with each of the models and addinq in the
gasifier cost. The various models were estimated from the cross-section layouts
on the basis of "similar to" parts from existing hardware prices converted to 1976
dollars using the appropriate escalation factor. The results of those analyses
are shown in Tables 14, 15 and 16.

The cost of the various engine configurations are tabulated below:

Model Cost**

Expendable Gasifier 506 $ 7,800
Jet Fuel Starter* 206 $18,670
Turbofan* 406 $18,280
Turbojet* 306 $10,900

* Includes controls, accessories and expendable gasifier.

** Includes G&A, Profit, Material Handling, Burden, in 1976
lollars.
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SECTION ,O - DLTAIL COMPONENT DESIGN

5.1 Compressor Design

5.1.1 Aerodynamic Design

The design point of the Expendable Gasifier (E.G.) four stage compressor
is based on the sea level static jet fuel starter configuration performance objec-
tives established in Phase I. The design goals as established in Phase I are
shown in Table 17. The predicted performance of the final design hardware is
also shown on this table. The compressor is predicted to achieve its flow goal
and be within one percent of the pressure ratio and efficiency goals. The pro-
gression of the predicted performance from loop to loop in the iterative design
procedure indicated that the design goals could be achieved with several more
passes through the design process. However, due to the complexity of the design
process, the time and effort required, and since the design was within one per-
cent of all of its design goals it was frozen at this point. The deviation from
the performance goals is probably within the tolerance of the design system.

TABLE 17

EXPENDABLE GASIFIER COMPRESSOR AERODYNAMIC DESIGN PERFORMANCE
Design Prediction

Design Goal After Phase III
Corrected Speed (N/fn) - RPM 33,060 33,060

Corrected Flow (W /8 ) - LBM/SEC 4.023 4.023

Pressure Ratio 2.86:1 2.83:1

Adiabatic Efficiency -% 80.0 79.2

Corrected Tip Speed - FT/SEC 900 900

27245

The compressor is a subsonic, highly loaded, four-stage axial machine
derived from an upscale of the Teledyne CAE Model 469 compressor. The compressor
has a very low tip speed (900 ft/sec), for its pressure ratio, such that stresses
are minimized and the blading can be cast in aluminum. The high loading minimizes
the number of stages and thus minimize parts and cost. The Model 469 rotor is
shown in Figure 86.

The most notable of the low cost features is the use of a common rotor
casting for all four stages. The casting is just machined to different outer dia-
meters for each stage. This feature has been used by Teledyne CAE in the past
very successfully on the Model 471 axial compressor (SCAD). Teledyne CAE also
holds a patent on the common blading compressor design.
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Figure 86. Four-Stage Model 469 Axial Compressor Rotor.

The final E.G. compressor flowpath is shown in Figure 87. This flowpath
was established in the Phase I preliminary design portion of this program and was
unchanged in the final design. The radial dimensions are upscaled directly from
the Model 469 compressor using a linear scale factor of 1.3166. The axial dimen-
sions were modified to equalize the rotor and stator aspect ratios in each stage.
Relative to the Model 469, rotor aspect ratios have been reduced and stator as-
pect ratios were increased as shown in the following table.

ASPECT RATIO COMPARISON

BLADE ROW E.G. MODEL 469

Rotor - 1 1.512 1.560
Stator - 2 1.514 1.341
Rotor - 2 1.315 1.366
Stator - 2 1.341 1.189
Rotor - 3 1.175 1.218
Stator - 3 1.201 1.067
Rotor - 4 1.059 1.098
Stator - 4 1.097 0.967
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RADIAL
DISTANCE. R

-INCHES-
3.5

3.0

NB 37 39
2.5 C 0.6W5 0.641.. 000R

0. 1 2 3 4 5 6 7 8

AXIAL DISTANCE. Z INCHES

LOCATION RH RT ZH ZT LOCATION RH RT ZH ZT

R1 IN 2.043 3.118 0. 0.113 R3OUT 2.043 2.820 3.893 3.810
OUT 2.043 3.033 0.671 0.567 S3 IN 2.043 2.802 4.073 4.073

S IN 2.043 2.997 0.851 0.851 OUT 2.043 2.802 4.653 4.653
OUT 2.043 2.997 1.431 1.431 R4 IN 2.043 2.788 4.833 4.911

R2 IN 2.043 2.969 1.611 1.708 OUT 2.043 2.742 5.504 5.431
OUT 2.043 2.914 2.282 2.192 S4 IN 2.043 2.731 5.684 5.684

S2 IN 2.043 2.889 2.462 2.462 OUT 2.043 2.731 6.264 6.264
OUT 2.043 2.889 3.042 3.042 - 1.980 2.790 6.850 6.850

R3 IN 2.043 2.870 3.222 3.310 - 1.860 2.841 7.465 7.465

21909

Figure 87. Expendable Gasifier Compressor Flowpath.

The common rotor blading design requirement altered the aero design proce-
dure from that normally used for subsonic axial compressors. The E.G. design
method is compared to the normal design procedure in Figure 88 . The usual proce-
dure is to specify an RPM, flowpath geometry and pressure ratio requirements. The
design program then calculates the resulting losses and velocity diagrams. The
flowpath and specified pressure ratio distributions are then altered to achieve
the desired efficiency and blade aerodynamic loading levels. When satisfactory
velocity diagrams have been obtained, blading is designed to match those velocity
diagrams.

To achieve a single rotor design for -11 four stages required the ccn-
pressor to be designed with an off-design compressor performance program such that
the blading could be specified first. In the method employed,the RPM, flowpath
geometry and blading geometry were specified. The blading geometry definition
included the number of airfoils in each blade row plus specification of chords and
inlet and exit blade metal angle distributions versus radius for each blade and
vane row. The off-design computer program then predicted the blade element losses
and pressure ratios plus the velocity diagrams produced by that blading. The re-
sulting pressure ratio, efficiency, and exit velocity profile are compared to the
goals and the flowpath and/or blading geometry altered to achieve the desired
results because a change in geometry in one of the front stages affects the perfor-
mance of all the downstream blade rows. A detailed final design procedure logic,
path is shown in Figure 89.
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FLOWPATH ESTABLISHED
DURING PRELIMINARY
DESIGN PHASE

ESTABLISH ROTOR METAL
ANGLES BASED ON
PRELIMINARY DESIGN: INCIDENCE MODEL

ROTOR INLET METAL LOSS MODEL
ANGLE DETERMINED DEVIATION MODEL
BY COMPUTER SOLN. BLOCKAGE ASSUMPTION
FOR INLET DUCT
AND REFERENCE
INCIDENCE ANGLE

COMPUTER PROGRAM 08.116

SUCCESSIVELY ADJUST STATOR
METAL ANGLES:

" SATISFY STATOR REFERENCE
INCIDENCE BY VARIATION
OF INLET METAL ANGLE

" SATISFY DOWNSTREAM ROTOR
REFERENCE INCIDENCE BY
VARIATION OF EXIT METAL
ANGLE

PRESSUR REFINE ROTOR EXIT METAL

.0 ANGLE TO SATISFY PRESSURE
RAI RATIO AND/OR EXIT
SATIFIEDPROFILE REQUIREMENTS

N ICOMPUTER PROGRAM 08.130

GENERATE FINAL BLADING 21930

Figure 89. Expendable Gasifier Compressor - Detail Design Procedure Logic Path.
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The velocity diagram solutions were obtained through the use of
Teledyne CAE's computer program 08.116. This program performs axial
compressor off-design performance calculations, solving the full radial
equilibrium equation, including the effects of streamline curvature and
radial gradients in enthalpy and entropy. Details of the basic program
are given in Reference 4.

The use of a compressor off-design performance program requires
the following variables of the basic flow model to be specified:

1. Aerodynamic blockage at each computing station
2. A loss model
3. Reference or minimum loss incidence angles
4. A reference deviation angle model or rule

The models used for the above variables for this design are as
follows:

Blockage factor is an allowance in the velocity diagram solution

to account for the flow area blocked by blade or vane wakes as well as
due to end wall boundary layers.

The aerodynamic blockage factors used for this design are shown
in Figure 90. Blockage factor is the unblocked annulus area divided by
the total area. The blockages used increase by three percent across each
rotor and decrease by 1-1/4 percent across each stator. These magnitudes
are a result of a number of Teledyne CAE tests of 3 to 5 lbm/sec axial
flow compressors which have shown that small compressors have rather
large blockages at rotor exits with a decrease in blockages through
stator rows.

The small size and high aerodynamic loadings of this design have
ruled out the use of Teledyne CAE's conventional large size compressor
loss correlation. For this design, several sources from the recent
literature, References 5 and 6, were surveyed to determine the
applicability of various loss parameter-diffusion factor correlations
used in similar designs. The loss correlations which were derived from
this data and used in this design are shown in Figures 91 and 92. These
correlations were input to the velocity diagram program such that the
program could iterate on blade element losses. The final values of total
pressure loss coefficient and diffusion factors are shown in Figures 93
through 96 for the rotors and 97 through 100 for the stators.

Reference or minimum loss incidence angles must be specified for each
blade row since an off-design compressor performance program was used for this
design. This is required such that when the blading incidence angles are at
non-optimum (or reference) values, the calculated losses will be increased
from those calculated from the loss correlation curves, and blade element
turning or deviation angles can be adjusted from the reference values.
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Figure 94. Expendable Gasifier Compressor Loss Coefficient and Diffusion Factor
Profiles Second Stage Rotor.
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Reference incidence for both rotors and stators was initially set at levels
based on the design selection for the Teledyne CAE Model 555 redesigned third stage
blading. However, as shown in Figure 101, the first stage rotor incidence pro-
files were found to be very close to those resulting from the NASA 2-D incidence
rule, Equation 286 of Reference 7, with the correction for relative inlet Mach num-
ber omitted. Thus, the NASA 2-D rule was selected for the definition of rotor
reference incidence in the final design. The original assumption of Model 555
incidence for the stator was retained for the final design.

The blade element deviation angles are composed of a reference or design
deviation angle plus a correction to account for any off reference incidence con-
dition. The reference deviation angle rule used for this design is a modified
form of Carter's rule plus an empirical deviation angle increment. This deviation
angle rule has been used at Teledyne CAE very successfully on many recent designs.

The final results of running the velocity diagram program are summarized
in Table 18.. The most notable items on this table are the diffusion factors,
which in an aerodynamic loading factor; these values are high however, since they
have been accounted for in the loss calculations they should present no problems.

Figure 102 shows the stage exit total pressure profiles. Normal design
practice is to design each stage for a flat profile. The common blading technique
doesn't allow this. In this design, the final rotor blade design results in
excessive tip work in the front stages to minimize the profiles in the rear stages
where normally an even higher tip work would be employed. However, the final de-
sign does result in very acceptable velocity gradients throughout the compressor
which can be seen in axial velocity profiles shown in Figures 103 through 106.
The compressor exit velocity profile is only 70 feet per second.

The air angles through the compressor are shown in Figures 107 through
110. The stator leading edge air angles are relatively high due to the high diffu-
sion factors; however, stator camber angles are sufficiently high to achieve the
desired air turning.

The detailed blading geometry is developed in the velocity diagram solution,
whereas the actual blading coordinates and manufacturing sections are generated inprogram 08.130 (Reference 8). The blading is generated on conical approximations

of the design streamlines. Manufacturing sections are then interpolated from these
data by taking planar slices through the blade at a number of radial positions.
The rotor blade uses double circular arc blade profiles. The stators, since they
are at lower Mach numbers, use a circular arc mean line with the maximum thickness
moved forward to 40 percent chord for lower losses and more flow range.
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TABLE 18

EXPENDABLE GASIFIER COMPRESSOR
AERODYNAMIC DESIGN SUMMARY

Corrected Speed, rpm 33,055
Corrected Flow, Ibm/sec 4.023
Pressure Ratio 2.827
Adiabatic Efficiency, percent 79.2
First Rotor Inlet Tip Speed, ft/sec 899.1
First Rotor Inlet Tip Radius, in. 3.117

STAGE

1 2 3 4

Mass Averaged Stage Pressure Ratio 1.361 1.308 1.273 1.247

Mass Averaged Stage Adiabatic Efficiency 81.6 81.6 81.5 80.6

Rotor Inlet Hub 2.5 2.9 3.6 4.5
Percent Radial Height Mean 46.2 45.6 45.6 45.1

Tip 98.3 98.0 97.5 96.7

Hub 1.94 1.94 1.94 1.94
Rotor Solidity Mean 1.60 1.65 1.68 1.71

Tip 1.32 1.38 1.43 1.48

Hub 1.98 1.69 1.40 1.58
Stator Solidity Mean 1.65 1.45 1.22 1.40

Tip 1.38 1.23 1.05 1.22

Rotor Aspect Ratio Average Height 1.512 1.315 1.175 1.059
Chord

Stator Aspect Ratio 1.514 1.341 1.201 1.097

Rotor Inlet Hub-Tip Ratio 0.655 0.688 C.711 0.733

Stator Inlet Hub-Tip Ratio 0.682 0.707 0.729 0.748

Hub 0.665 0.656 0.656 0.674
Rotor Diffusion Factor Mean 0.527 0.528 0.535 0.532

Tip 0.566 0.558 0.590 0.648

Hub 0.625 0.664 0.743 0.756
Stator Diffusion Factor Mean 0.530 0.577 0.635 0.621

Tip 0.555 0.578 0.661 0.672

27268
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The rotor camber, or blade metal turning, distribution is shown in Figure
111. The rotor incidence and deviation angles are shown in Figures 112 through
115. The rotor incidence and deviation angles in the four stages will vary
slightly due to the differences in air angles the blading is identical. The dif-
ferences in incidence and deviation angles shown on the figures between the 08.116
(velocity diagram) solution and 08.130 (blading) program are due to the fact that
08.130 translates the velocity diagrams to the actual blade edges from the velocity
diagram calculating planes.

The stator camber distributions are shown in Figure 116. As stated pre-
viously, the stator cambers are high to achieve the high air turnings required
because of the high aerodynamic loadings. Stator incidence and deviation angles
are shown in Figures 117 through 120.

Certain changes from normal airfoil section definition practice were made
for consistency with the casting process anticipated for the manufacture of the
rotor and stator. Section edge radii were increased 50 percent to 0.007 for rotors
and 0.006 inch for stators, from the size that would normally be specified for
machined blading of this size. Tolerance band width was similarly increased from
+ 0.002 to + 0.003 inch.

To improve blade resonance margins between potential excitation sources
and the design point operating speed, several modifications were made to the
compressor.

Figure 121 shows the various rotor thickness distributions which were eva-
luated to achieve the desired structural results. Figures 122 through 124 show
the effects of the thickness variations on deviation angle, incidence angle and
A/A* or choke margin. Because the effects on these dependent variables were small,
it was not necessary to modify the aero design or other blading geometry.

The number of vanes in the first and third stages were also changed.
Stator one was changed from 39 to 41 vanes and required no other blade or vane
geometry changes. Stator three was changed from 34 to 29 vanes. The change in
vane row solidity increased the deviation angle enough to require a new stator
design. No changes were required in the blading downstream of this blade row due
to these changes.

To further increase vibratory interference margin, if preliminary testing
proves it necessary, two alternate rotor configurations were considered. Aerody-
namic analyses were conducted for both configurations to obtain a comparison of
their overall and blade element performance with that of the original, 37-blade
common rotor design. As a ground rule, rotor airfoil section geometry was to re-
main unchanged with only the number of blades varying.

For the initial configuration, the number of rotor blades was increased
to 39 only in the third and fourth stage rotors. The velocity vector diagram solu-
tion indicated no appreciable change in overall performance and showed only small
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Figure 123. Expendable Gasifier Compressor Rotor TIC Distribution Study for Stress
Incidence.
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variations from the original design incidence, loading levels and compressor dis-
charge pressure and velocity profiles. The choke margins of the third and fourth
stage rotor blading were sufficient to allow the addition of two blades in each
row. This configuration satisfied the vibratory requirement with little or no
indication of an aerodynamic performance penalty.

The second configuration had 39-blade rotors in all four stages in the
interest of retaining the common rotor concept. The streamline solution indicated
the existence of a hub stall problem in the rear stages, with incidence levels
as much as eleven degrees above original design reference values. The associated
high loss levels in the hub region were evident in corresponding sharp fall-offs
of total pressure and axial velocity at the compressor exit statian. These fac-
tors, combined with an unacceptable choke margin reduction in the first stage
rotor, indicated that additional redesign effort would be necessary to make a
39-blade, common rotor configuration feasible.

Comparisons of important variables are shown on Table 19 (incidence),
Table 20 (diffusion factor) and Figure 125 (exit total pressure and axial velo-
city).

5.1.2 Mechanical Design

The criterion of low acquisition costs dictated the material selection
and method of fabrication of the compressor and stators. Aluminum with its lower
cost ratio of two or three to one over steel was the natural material choice.
Following the extensive experience of our production Harpoon engine, C 355
aluminum was selected for both the rotors and stators. This material has gained
acceptance in gas turbines for its good elevated temperature properties after heat
treat, ease of weld repair and excellent castability required to assure casting
fill of the relatively thin airfoils. Both rotors and stators are precision cast,
requiring a minimum of machining.

The aluminum compressor thermal expansion and centrifugal strain growth
over the shaft are accommodated by employing three radial dowel pins in each rotor.
This three-pin complement assures uniform radial growth of the rotor bore, pre-
cluding mass center shift. Aerodynamic torque of the stators is transferred to
the fourth stage stator through a common axial key and reacted by the rear bearing
fuel tube.

The compressor tip and interstage labyrinth seals assembly clearances are
shown in Figure 126. The rotor's tip clearances for the first and fourth stages
at running conditions were calculated as follows:
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Table 19

EXPENDABLE GASIFIER COMPRESSOR
INCIDENCE ANGLE COMPARISON

(im - im, ref)*

CONFIGURATION
37 Blades 39 Blades

Blade Row Location All Rotors 37, 37, 39, 39 All Rotors

Rotor 1 Hub .01 .01 .01
Mean -.03 -.03 -.03
Tip -.07 -.07 -.07

Stator 1 Hub .03 .17 .55
Mean .03 .21 .27
Tip -.18 -.78 -.37

Rotor 2 Hub .26 .30 .99
Mean .03 .09 .03
Tip -.21 -.18 -.25

Stator 2 Hub .07 .39 1.65
Mean .01 .07 .02
Tip .65 .21 .37

Rotor 3 Hub .32 .54 3.04
Mean -.03 -.03 -.21
Tip -.12 -.12 -.22

Stator 3 Hub .41 1.00 4.39
Mean -.02 .0 -.36
Tip .70 -.20 -.79

Rotor 4 Hub .49 1.47 6.97
Mean -.02 -.10 -.48
Tip -.19 -.19 -.38

Stator 4 Hub .27 2.12 11.32
Mean .27 .17 -.58
Tip .22 .19 -1.63

27251
* (im - im, ref) difference between operating incidence and minimum loss

or reference incidence (meanline basis), degrees.
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TABLE 20

EXPENDABLE GASIFIER COMPRESSOR
DIFFUSION FACTOR COMPARISON

CONFIGURATION
37 BLADE 39 BLADES

BLADE ROW LOCATION ALL ROTORS 37, 37, 39, 39 ALL ROTORS

Rotor 1 Hub .665 .665 .662
Mean .527 .527 .519
Tip .566 .566 .563

Stator 1 Hub .625 .624 .639
Mean .530 .525 .526
Tip .555 .544 .546

Rotor 2 Hub .656 .660 .674
Mean .528 .529 .519
Tip .558 .559 .553

Stator 2 Hub .664 .678 .725
Mean .577 .580 .577
Tip .578 .577 .577

Rotor 3 Hub .656 .656 .726
Mean .535 .526 .519
Tip .590 .589 .580

Stator 3 Hub .743 .762 .859
Mean .635 .635 .625
Tip .661 .665 .657

Rotor 4 Hub .674 .692 .876
Mean .532 .521 .505
Tip .648 .650 .622

Stator 4 Hub .756 .819 1.127
Mean .621 .621 .588
Tip .672 .677 .650

27272
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E G Compressor Tip Clearances (Radial)
t 100% Shaft Speed - Steady State)

1st Stage: .012 Mean Build Clearance
+.0036 Shroud Thermal Growth
-.0025 Compr. Total Growth (The first and fourth stages

.0131 Mean Tip Clearance clearances represent the
maximum and minimum values,

4th Stage: .012 Mean Build Clearance respectively; the second

+.008 Shroud Thermal Growth and third stage clearances
-.0084 Compr. Total Growth fall between the two limits.)

.0116 Mean Tip Clearance

The compressor rotor consists of four axial stages with identical disk and
blade shapes except that the blade tips are machined at different heights. Blade
natural frequencies were calculated using NASTRAN finite element models consisting
of four node quadrilateral plate elements. The Normal Modes rigid format of
NASTRAN was used for zero speed frequencies while the maximum speed frequencies
were calculated using the Normal Modes With Differential Stiffness rigid format.
Since all four stages are identical except for blade length, a common model was
used for all four stages. The decrease in blade height from the first through
fourth stages was obtained by removing a row of elements from the tip of the first
stage model for each of the second through fourth stage blades. Therefore, the
first stage blade consisted of 108 elements, the second 99, and third 90 and the
fourth stage 81 elements. The first stage model is shown in Figure 127 with the
tip outlines indicated for the other three stages.

The results of the vibration analysis indicated that all of the stages
were free of resonances with the stator vane upstream flow blockages at maximum
steady state speed. However, the margin between the 4E excitation of the inlet
struts and the first stage first bending mode was only 7 percent, where frequency
margin is expressed as 1 - excitation freq.

natural freq.

Also a low margin (-2 percent) between the 39 first stage stators exci-
tation and the second stage blade fifth mode was indicated. Thickening the air-
foil root resulted in a 4E margin of 16 percent on the first stage blade. This
was not considered sufficient margin for the first mode of a cast aluminum blade
and since further airfoil changes would have impacted the aerodynamic performance,
it was decided to change the number of inlet struts from 4 to 3. The resulting
3E margin was calculated to be 37 percent for tie first stage blade first mode.
The NASTRAN analysis indicated that the redesigned second stage blade still had
a low 39E fifth mode margin (-9 percent). Therefore, the number of first stage
stators was changed from 39 to 41 which resulted in a margin of -14 percent be-
tween the fifth mode and the first stage stator excitation.
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Figure 127. NASTRAN Model of EG First Compressor Rotor Blade.
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A discussion of the various thickness distribution changes which were
evaluated to obtain the final blade shape were previously discussed. The various
thickness distributions are presented in Figure 121 . The blade resonance dia-
grams resulting from the NASTRAN frequency solutions are presented in Figures
128 through 131 for the first through fourth stage blades respectively. Ade-
quate margins are indicated for all four stages between the blade natural fre-
quencies and upstream flow blockages. The mode shapes for the first six modes
of the first stage blade are presented in Figure 132 through 137 . The mode
shapes of the other three stages are similar.

Restored gas bending and centrifugal stresses were calculated for the
blades using tapered twisted beam finite difference models. Calculated ultimate
and yield safety factors were at least 6 and 4.5 respectively, as indicated in
Figure 138. The blade stresses are shown on a modified Goodman diagram in
Figure 139 where the vibratory stress is assumed to be equal to the gas bending
stress. High vibratory stress margins are indicated on all four stages.

The compressor rotor disks were analyzed using a conventional disk finite
difference model. The blade centrifugal loads were simulated as an evenly dis-
tributed rim radial stress. Stresses were purposely kept very low so that burst
speed margins of 67 percent or more were calculated. The calculated centrifugal
stresses are shown in Figure 138.

The compressor stators which we cast in C355-T61 aluminum alloy
were modeled using NASTRAN quadrilateral four node plate elements. The stator
airfoils were modeled using 56 elements. The stator was fixed at the integral
outer shroud. A one vane pitch segment of the inner shroud was modeled with
plates and connected to the inside diameter of the stator with MPC (multi point
constraint) relationships. The normal modes with cyclic symmetry rig format of
NASTRAN were used to determine the vane natural frequencies coupled to the inner
shroud. The natural frequencies for a harmonic index of zero are presented on
resonance diagrams in Figures 140 through 143 for the first through fourth
stages respectively. The first and second stages appear free of any harmful re-
sonances with the blade passing excitation frequency (37E). However, the third
stage has a vane bending mode near 37E at the maximum operating speed and the
fourth stage has a vane torsion mode near 37E at maximum speed. Although the
excitation is only three percent above the calculated vane frequencies at maximum
speed, a decision was made to proceed with the design and fabrication and to de-
termine the resonance speeds experimentally. This decision was made because the
accuracy of the NASTRAN vane models was unknown. The vane frequencies were
determined experimentally using holographic methods and strain gaged for
initial engine testing to determine dynamic strain. For high dynamic stress
indications, a change in the number of third and fourth stage blades or a change
in the third and fourth stage design or materials will be initiated. The calcu-
lated vane mode shapes are presented for the natural frequencies nearest to the
37E excitation in Figures 144 through 147 for the first through fourth stages
respectively.
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Figure 129 . E.G. Second Stage Compressor Blade Interference Diagram.

186 1



241

22 -MODE 4 -SECOND TORSION- 21565

20

18

16 MODE 3 -SECOND BENDING CO15670

N Ik
z 14

w 12

LU
cco MODE 2 -TORSION/ __

8

6

0 10 20 30 33.5 40
SHAFT SPEED - RPM x 103  27309

Figure 130 . E.G. Third Stage Compressor Blade Interference Diagram.
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Figure 131 .E.G. Fourth Stage Compressor Blade Interference Diagram.
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Figure 132. E.G. First Stage Compressor Blade Mode 1 Deflected Shape.
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Figure 133. E.G. First Stage Compressor Blade Mode 2 Deflected Shape.
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Figure 134. E.G. First Stage Compressor Blade Mode 3 Deflected Shape.
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Figure 135. E.G. First Stage Compressor Blade Mode 4 Deflected Shape.
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Figure 136. E.G. First Stage Compressor Blade Mode 5 Deflected Shape.
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Figure 137. E G First Stage Compressor Blade Mode 6 Deflected Shape.
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1ST STAGE 2ND STAGE 3RD STAGE 4TH STAGE

a A = 22 82 psi = 1978 psi = l800 psi = 1639 psi
OtEAL = 10000 psi =9714 psi = 9142 psi = 8571 psi
am = 6083 psi = 5196 psi = 4818 psi = 4402 psi
ciRAL = 35000 psi = 34000 psi = 32000 psi = 30000 psi

*cIEAL @ TEMPS =.24"RAL

ciA - Applied Vibratory Stress
atEA Endurance Limit

am Applied Steady Stress
CIRAL Ultimate Stress

8- 
60

40-

4:4

0 20 40 60 80 100 275

aM/c*RAL x 100

Figure 139. Expendable Gasifier Compressor Blades Four Stages, Material C-355A.
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Figure 140. E.G. First Stage Compressor Stator Vanes Interference Diagram.
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Figure 141. E.G. Second Stage Compressor Stator Vanes Interference Diagiram.
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Figure 142. E.G. Third Stage Compressor Stator Vanes Interference Diagram.
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Figure 143 . E.G. Fourth Stage Compressor Stator Vanes Interference Diagram.

200



I I -

27295 D

Figure 144. E.G. First Stage Stator Finite Element Model -Mode at 14,024 cps.
(Tangential View).
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Figure 145. E.G. Second Stage Stator Finite Element Model - Mode Shape at
23,706 cps. (Tangential View).
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Figure 146. E.G. Third Stage Stator Finit~e Element Model - Mode Shape at:
20,031 cps. (Tangential View).
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Figure 147. E.G. Fourth Stage Stator Finite Element Model - Mode Shape at
20,039 cps. (Axial View).
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The stator vane gas bending stresses were calculated using guided
cantilevered twisted beam models. Axial loads from the seal diaphram
pressure loads were applied to the vane inner diameters. Calculated stresses
were no higher than 3.2 ksi which resulted in very high safety factors, as
shown in Figure 148. The vane stresses are shown on a modified Goodman
diagram on Figure 149 where the vibratory stresses are assumed to be equal
to the vane gas bending stresses. High vibratory stress margins are
indicated.

5.1.3 Compressor Test Program

The testing of the expendable gasifier compressor consisted of the
determination of material properties and spin pit testing and a rig test
evaluation of its aerothermodynamic performance.

Material properties and spin pit testing were done prior to rig
testing to assure the structural integrity of rotating components. The
blade and vane natural frequencies were determined from the full-scale com-
ponents and compared to excitation frequencies to determine if resonances
would occur in the compressor rig testing or on the subsequent gasifier
engine test. Possible resonance problems were indicated and the magnitude
of the problem was assessed and corrective action was taken before proceeding
to the rotating tests.

The purpose of the aerodynamic rig testing was to:

1. Determine the compressor aero performance
2. Investigate problem areas
3. Modify the blading if necessary, to provide adequate

performance for engine operation.

The test rig is shown in Figure 150. The rig makes maximum use of
engine hardware. The cross hatched hardware shown on the figure is adaptive
facility hardware.

The compressor performance was determined at 40, 50, 60, 70, 80,
90, 100 and 110 percent of design speed. A complete map was obtained and
the surge line indicated.

On-line data processing was used during testing to provide continuous
print-outs of:

Corrected Speed
Corrected Airflow
Pressure Ratio
Adiabatic Efficiency
Bearing Temperatures
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The stator vane gas bending stresses were calculated usinq guided canti-
levered twisted beam models. Axial loads from the seal diaphram pressure loads
were applied to the vane inner diameters. Calculated stresses were no higher
than 3.2 ksi which resulted in very high safety factors, as shown in Figure 148.
The vane stresses are shown on a modified Goodman diagram on Figure 149 where
the vibratory stresses are assumed to be equal to the vane gas bendina stresses.
High vibratory stress margins are indicated.

COMPRESSOR TEST PROGRAM

The testing of the expendable gasifier compressor will consist of the
determination of material properties and spin pit testing and a rig test evalua-
tion of its aerothermodynamic performance.

Materials Characterization and Spin Pit Testing

Material properties and spin pit testing will be done prior to rig test-
ing to assure the structural integrity of rotating components. The blade and
vane natural frequencies will be determined from the full-scale components and
compared to excitation frequencies to determine if resonances will occur in the
compressor rig testing or on the subsequent gasifier engine test. If resonance
problems are indicated, the magnitude of the problem will be assessed and correc-
tive action will be taken before proceeding to the rotating tests.

Rig Testing

The purpose of the aerodynamic rig testing is to:

1. Determine the compressor aero performance
2. Investigate problem areas
3. Modify the blading if necessary, to provide adequate

performance for engine operation

The test rig is shown in Figure 150. The rig makes maximum use of engine
hardware. The cross hatched hardware shown on the figure is adaptive facility
hardware.

The compressor performance will be determined at 40, 50, 60, 70, 80, 90,
100 and 110 percent of design speed. A complete map will be obtained and the
surge line will be indicated.

Data Processing

On-line data processing will be used during testing to provide continuous
print-outs of: Corrected Speed

Corrected Airflow
Pressure Ratio
Adiabatic Efficiency
Bearing Temperatures
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1 st Stage 2nd Stage 3rd Stage 4th Stage

aA = 3173 psi = 2731 psi (t.e.) = 2493 psi (ite.) = 2245 psi (i.e.)
AtEAL= 12180 psi = 11060 psi = 11020 psi = 10440 psi
aM = 2651 psi = 3135 psi (t.e.) = 3402 psi (ite.) = 2389 psi (t.e.)
aR AL =42000 psi = 40000 psi = 38000 psi =36000 psi

a EAL = .29 aRAL

aA -Applied Vibratory Stress
aEAL Endurance Limit
am Applied Steady Stress

aRAL Ultimate Stress

00

-j
..: 60-

40--

202

0O 204 60 80 100 27327

aM/aRAL x 100

Figure 149 . Modified Goodman Diagram Expendable Gasifier Stator Vanes, Four
Stages, Material C-355 T-61.
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The individual values of all measured pressures and temperatures were
also available on an "as demanded" basis during testing to check data validity
to obtain more detailed performance analyses which would be required if
performance was low.

Rig instrumentation (Figure 150) consists of inlet and exit pressure
and temperature rakes for overall performance calculations, plus wall static
pressures to assist in performance analysis. The rakes are the same as those
to be used to monitor compressor performance in the demonstrator engine. A
cobra probe is used at the compressor exit to measure total pressure and
angle. An ASME nozzle is employed upstream of the rig to measure airflow, and
an electric counter is used for speed.

Prior to testing, the temperature rakes were calibrated for Mach
number effects.

The aero test program consisted of obtaining 5 to 8 data points per
speed line from 40 to 110 percent of design speed. After mapping the
compressor at selected data points on the engine operating line, the
compressor exit was surveyed to obtain angle and total pressure profiles for
combustor studies.

A map is generated similar to that show, in Figure 151. Plots of exit
total pressure and air angle versus exit radius are made for the exit survey
data points.

If a performance deficiency exists, the wall static pressures are ,used
to identify the problem area.

Figure 152 shows the interaction of events planned during the
compressor test period. One modification has been included to acknowledge the
possibility of a performance deficiency within the rotor or stator blading.
Since the compressor design is a modified upscale of an existing compressor
(Model 469) which demonstrated higher efficiency than required of the Model
506 (Expendable Gasifier), only slight adjustment of the rotor blading (by
bending) was considered necessary to achieve the desired performance.
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5.2 COMBUSTOR DESIGN

5.2.1 Design Objectives

In keeping with the multi-application, Expendable Gasifier conceot, a prime
design objective for the combustor was to achieve the minimum fabrication and/or
acquisition costs commensurate with life, cyclic and performance requirements.
Three applications were considered: a Jet Fuel Starter (JFS), a Turbojet and a
Turbofan. Their design requirements are listed in Table 21. Of these, the cyclic
requirement for the JFS was the most severe and required that liner temperatures
and thermal gradients be closely controlled to prevent premature failure throuqh
low cycle fatigue and/or oxidation.

TABLE 21

DESIGN REQUIREMENTS

Jet Fuel

Starter Turbojet Turbofan

Thrust/HP 230 HP 230 LBS 500 LBS

Life at Maximum Thrust 20 HRS 20 HRS

Start Cycles (45 Sec-
onds Each) 2000

Operational Sea Level 36,000 FT 36,000 FT
Altitude Std. Day 590F

Cold Day -650F
Hot Day 130OF

The physical envelope requirements of the Expendable Gasifier made the
selection of a full annular, reverse flow combustor mandatory. The simplicity and
low fuel pressure characteristics of the vaporizer combustor blend well with the
low cost objective. Specific combustor performance goals (Table 22) are within
Teledyne CAE's experience with annular, reverse flow, vaporizer combustors.

5.2.2 Design Parameters

The combustor design flowpath, airflow distribution, and local equivalence
ratios are shown in Figure 153. Several combustor aerothermodynaric end ceometric
design parameters are summarized in Table 23. Fuel is introduced from an inte-
grally cast manifold in the front frame (Figure 154) through low pressure dron
orifices into fuel tubes that subsequently feed 14 vaporizer pipes penetratinq into
the primary combustion zone. The fuel is mixed with air in the vaporizer pipe
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TABLE 23

COMBUSTOR DESIGN PARAMETERS

Engine Airflow, lb/sec 3.862

Compressor Discharge Pressure, psia 40.31

Compressor Discharge Tempeature, OF 284

Fuel Flow, lb/hr 341

Fuel - Air Ratio 0.0245

Total Pressure Loss - % 10.0

Average Exit Temperature, OF 1800

Reference Velocity, ft/sec 45.6

Isothermal Residence Time, Milliseconds 8.88

Aerodynamic Loading, lb air 2.087
sec ftJatm2

Heat Release Rate, MBTU 9.30
Hr ft3atm

Combustor Inlet Mach Number 0.324

Reference Area, ft2  0.608

Combustor Length, ft 0.548

Combustor Annulus Height, ft 0.1796

Combustor Length to Annulus Height Ratio 3.05

Number of Fuel Injection Points 14
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(at an equivalence ratio of 4.46) partially vaporized, and discharqed forward onto
the baseplate. Here the fuel-rich mixture distributes both radially and circum-
ferentially and mixes with the remaining combustion air at an overall primary zone
equivalence ratio of 1.0. The forward efflux from the vaporizer pipes combines
with the radial penetration of the primary jets to qenerate both a strono recir-
culation zone and the flame stabilization necessary for good combustion. Diame-
trically opposed dilution ports provide the turbulent mixing required to tailor
exit temperature profiles.

The outer and inner liners are formed from perforated Plate that orovides
full coverage film cooling for these components. While this form of coolino con-
sists of discrete point injection of the coolino air (Fioure 155) full coveraae
is afforded by lateral spreading and axial replenishment prior to destruction of
the film by mixing with the hot gases. The design hole pattern of the perforated
plate is shown in Fioure 156 alone with predicted liner temperatures for this
coolino hole configuration.

During the procurement staqe for the combustor develooment test hardware,
it was found that toolina for this hole size/confiauration was not commercially
available. Consequently, the available hole Pattern shown on the rioht cf Figure
157 was selected as a substitute. This confiouration has ieometry similar to
the design as shown on the left of Figure 157. However, both hole snacino and
size have been increased proportionately to maintain the effective onen area at
the design value of 1.5 percent. Consequently, the coolinn air flow per unit
area of the liners and liner temperatures were retained at design levels.

Figures 158 and 159 are photographs of the combustion liner ready for
test and already shows the perforated plate construction, the orientation of the
primary pipes and one pair of the ignition system access holes.

Combustor ignition is achieved by dual spark iqnitor/orimer fuel nozzle
pairs, Figures 160 and 161, located 90- apart on the left side of the casifier.
The primer fuel nozzle is of the simolex, pressure atomizinq tyne oneratino at a
nominal Slowrate of five pounds per hour at 50 psi differential. The spark io-
nitor was designed for 3 to 5 soarks per second with a nominal one joule stored
energy

5.2.3 Development Tests

In order to ensure trouble free performance of the combustor when installed
in the expendable gasifier, it was necessary to first define and then correct any
performance and/or structural deficiencies. This was accomplished usina a combustor
test rig adapted to accept the combustor flowoath of the expendable pasifier,
Figure 162. The riq incorporated as much of the expendable aasifier hardware as
possible. These components included the front frame containino the integrally cast
main and starting fuel manifolds; the cast turbine inlet nozzle with hollow vanes
for supplyinq air to the outer combustor annulus; the combustor liner; the main
fuel tubes; and the dual spark ignitor/startino fuel nozzle pairs.
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Fi-,ure 159. Gasifier Combustor Primary Pines.
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A detailed discussion of the test program, procedures, test points and
rig instrumentation may be found in the Expendable Gasifier Component Development
Test Plan for Combustor Test, dated 29 October 1976. However, a few details are
summarized below for convenience.

The rig instrumentation included measurement of airflow, fuel flow, inlet
and exit gas pressures and temperatures, static pressures throughout the combus-
tor flowpath, and metal temperatures of the front frame and simulated compressor
flowpath wall. The combustor exit temperature and pressure rate, Figure 163,
were located downstream of the turbine inlet nozzle and were traversed circumfer-
entially to provide a complete temperature and pressure map of the hot gases
entering the turbine. The six element temperature rake shown was replaced with
a five element rake early in the test program when it was found structurally
inadequate.

The test program consisted of four tasks:

1. Cold flow tests to evaluate pressure loss and airflow distribution
2. Calibration of the fuel system to determine the uniformity of fuel

distribution through the fourteen fuel injection points
3. Performance evaluation to map efficiency, pressure loss and exit

temperature profiles over as much of the operating envelope of the
expendable gasifier as facilities permitted

4. Determination of the combustor ignition envelope and correlation
with expendable gasifier startinq requirements

Figure 164 is a photograph of the expendable gasifier combustor rig ready for
testing.

The initial cold flow test (baseline) of the combustor indicated that pres-
sure loss was excessive (Figure 165). Data analysis indicated that this was the
result of excessive turning losses at the combustor entrance combined with entrance
losses into the cross-flowpath of the hollow turbine inlet nozzle vanes. Figure
166 is a schematic of the flow field in the turning duct at the combustor entrance
and illustrates the diffuser separation and resulting high velocity hiqh loss turn.
Cutting back the diffuser (by 0.56 inch) for Build 2 reduced the area of separation
and turning velocity, and consequently the turning losses.

The as-cast turbine inlet nozzle (Figure 167) also contributed to the
high pressure loss because of the protruding, rough-edged entrance to the outer
annulus flowpath through the hollow vanes. These edges were subsequently rounded
to provide a smooth entrance (Figure 168). The impact of these modifications on
pressure loss is also shown in Figure 165 as Build 2 where the pressure loss
approaches the design value of 10.0 percent.

Figure 169 illustrates the design values and the variation in combustor
airflow distribution to the inner and outer annuli resulting from these modifica-
tions. Since Build 2 pressure loss and airflow distribution were near design
values, the performance evaluation phase was initiated with the fuel system cali-
bration.
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The initial fuel system calibration set-up is showr in Figure 170 with
the main (or front) frame mounted vertically. Subsequent calibrations were per-
formed with the front frame mounted horizontally in the rig. Each of the 14 fuel

tubes drained (throuqh large diameter flexible tubing) into a graduated beaker.
Comparison of the fuel level in the beakers provided calibration uniformity,
while the total flowrate (as measured by a turbire flow meter) and the manifold
pressure provided the pressure drop flow characteristics. Table 24 is the post
performance test calibration and is typical. Variations from the set average
were held within + 5 percent by exchanging the fuel tube/orifice assemblies as
required.

Four combustor modifications (in addition to those discussed above)
resulted from the ambient pressure performance evaluation tests. Test configu-
ration, summarized in Table 25, were primarily aimed at tailorinq the combustor
exit radial temperature profile.

The radial temperature profile achieved during Mod I testing was very
positive (peaked at the O.D.) and is identified as curve I on Figures 171 and
172. Figure 171 is a non-dimensionalized combustor exit radial temperature
profile and is useful for comparison purposes. Figure 171 is independent of
the absolute temperature level seen in Figure 172. Therefore, the combustor
need not be operated at design temperature levels for a comparison with the
design profile. Because peak local gas temperatures in excess of 2000OF
were experienced with the Mod 1 configuration at a fuel-air ratio of 0.02
(design fuel-air ratio is 0.0245), the exit temperature rake was damaged, and
testing was halted. The combustor was subsequently modified to the Mod 2
configuration. However, the R5 element of the temperature rake was not
repairable, and testing of Mod 2 was done without this element.

Mod 2 added 60, 0.156 diameter holes to the baseplate near the outer dia-
meter to reduce the local fuel-air ratio in this area, thereby reducing the local
temperature level. This was only marginally successful as seen by Curve 2 of
Figures 171 and 172 . Again, because of the high local temperatures experienced,
the six element exit temperature rake was damaged and Mod 2 testing was limited
to a fuel-air ratio of 0.0175. Because of the continuing damage to the exit tem-
perature rake, a new five element rake with heavier elements (0.125 instead of
0.090 sheath diameter) was Procured and used without problem on subsequent tests.

The combustor was modified to the Mod 3 configuration by closing off 28,
0.30 diameter dilution ports on the inner liner, thereby reducing the airflow
through the inner liner while increasing the flow throuqh the outer liner. This
modification significantly impacted the radial profile as seen by Curve 3 on
Figures 171 and 172.

Mod 4 opened the baseplate holes from 0.156 diameter to 0.25 diameter to
introduce additional air to the outer region of the primary zone to further reduce
the local fuel-air ratio. While this further reduced the positive gradient, as
evidence by Curve 4 of Figures 171 and 172, the profile was not suitable for
gasifier testing and a further modification was necessary.
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TABLE 24

POST TEST FUEL SYSTEM CALIBRATION

FLOW FLOW FLOW

NOZZLE Variation From Variation From Variation From
S/N cc/ Set Average cc/ Set Average cc/ Set Average

1 1068 +2.75% 716 +2.67% 291
2 1042 707 290
3 1028 687 -1.49% 286
4 1031 689 288
5 1030 697 290
6 1039 688 278 -4.07%
7 1032 703 289
8 1028 688 285
9 1032 698 295

10 1062 707 294
11 1058 707 292
12 1045 690 290
13 1026 -1.3% 688 294
14 1031 698 296 +2.14%

Set
Average 1039.4 697.4 289.8

Manifold
Pressure 71 31 6

Total FLOW FLOW FLOW

Flow cps lb/hr cps lb/hr cps lb/hr

773 294 517 196.7 210 79.9

REMARKS: Fuel Temperature Fuel Temperature
70OF : 690F
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The final modification (Mod 5) added 56, 0.262 diameter hole. to the dilu-
tion zone of the outer liner and 28, 0.262 diameter holes to the dilution zone of
the inner liner. In addition, the 28, 0.30 diameter inner liner t:ilution ports
that were closed off by Mod 3 were reopened. This modification hao the effect of
increasing the effective open area of the combustor liner by 21.3 percent over the
Mod 4 configuration and by 18.5 percent over the baseline confiquration.

Equally important, it rebalanced the airflow distribution of the combus-
tor, forced more air through the outer liner dilution ports and brought the radial
temperature profile into line as evidenced by Curve 5 of Figures 171 and 172.

The combustor airflow distribution for Mod 5 is shown on Figure 173.
Twenty-four percent of the air flows through the outer liner dilution ports com-
pared to 18 percent for'the inner liner dilution ports. The overall flow split
between the inner and outer flowpaths is 36.3 percent and 63.7 percent respectively.
This is a 19 percent and 29.7 percent reduction from the design values, and re-
flects the increase in overali effective open area of the combustor incu'rred via
the modifications.

Since the above comparison of radial temperature profile were made at a
fuel-air of 0.0175 insteac of thp oesiqn 0.0245 (to minimize damaae to the exit
instrumentation it was necessary to evaluate trie variation in radial ero#ilp
with increasec tue"-air ratios. The resuiz is shown in Figure 17 where the
radial profile is seer to become increasingly positive with increasinc fuel-air
ratic. Th- radial Drofile at desion fuel-air ratio was consideren adeauateiv
close to design for gasifier tes . The combustor was subsequently subjected to
performance evaluation a- increased inlet pressure, per the combustor comoonEnt
test plan. Actual combustor inlet test conditions for this test series are taou-
lated in lable 26 . Data Point 56 is very near the design operatine conditions
and the combustor exit temperature distribution for this data point is compare:
to design in Figure 175 and 176. The average radial temperature profile
close to design and is adequate for aasifier testing. The maximum melsurec !o-"

gas temperature is below the design value and thereby represents a less severe
operating condition for the hot end stationary structure. Figure 177 is a nor-
dimensionalized circumferential temperature profile that immediately identifies
where the peaks and/or valleys in temperature level occur. Figure 178 is an
isotherm plot of the gas temperatures at the combustor exit annulus and ir com-
bination with Figure 177 identifies the extent of hot and/or cold strea s.

The combustor total-to-total pressure loss exceeds the desior value o
10.0 percent by about 2.3 points as shown by Fiaure 179. Althouar the combustor
liner effective open area was increased by 18.5 oercent over the Mo , confiqura-
tion (the liner effective open area was unchanged from the baseline to the MeOC
configuration), the overail pressure loss iq essentially unchanged iQure 179
This may be explained by consideration o' ;iaures 180 through 183. ia"ret L5.
and 181 are based on the inlet total to annulus static pressure icss 'o ' '
outer and inner flowpaths respectively. While the pressure loss to % ote-
annulus shows an increase that reflects tho increased airflov to tK 4s --e . T
inner annulus pressure loss is essential> unonanoed. indicatine that te reoucec
airflow to this region had little, if an.,, iwmoit or pressure loss. Iqre 182
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TABLE 26

COMBUSTOR OPERATING CONDITIONS

CDP CDT Wa Wf
READING "HgA OF Lb/Sec Lb/Hr F/A

45 50.39 282 2.774 103.8 .010

46 54.62 286 2.898 155.7 .015

47 53.10 287 2.785 154.6 .015

48 55.50 286 2.772 204.6 .020

49 58.03 284 2.794 250.1 .026

50 64.80 283 3.764 142.3 .010

51 68.65 283 3.726 213.2 .016

52 72.92 283 3.730 283.6 .021

53 26.38 279 1.207 68.4 .016

54 26.64 281 1.207 81.2 .021

55 26.71 281 1.217 112.5 .026

56 77.54 279 2.789 357.4 .026

57 73.29 280 3.788 283.6 .021

DP 82.08 284 3.86 341.0 .0245
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indicates an increased pressure loss across the outer liner (despite the increase
in effective open area), again reflecting the increased airflow combined with the
increased pressure loss to the outer annulus. However, Figure 183 indicates no
change in pressure loss across the inner liner although airflow was reduced and
effective open area increased. These factors indicate that variations in combustor
liner effective open area have only limited impact on overall combustor pressure
loss in the expendable gasifier configuration. Consequently, the net effect of
Mods 2 through 5 was essentially that there was no change in total-to-total pres-
sure loss.

Combustion efficiency was calculated as the ratio of the actual temperature
rise to the theoretical temperature rise. The actual temperature rise was measured
as the difference between the average of three, four-element rakes at the inlet and
the average exit temperature as measured during the circumferential traverse of the
five-element exit temperature rake. Approximately 200, five-point radial profiles
were attained during each traverse, providing a complete temperature map of the
combustor exit.

Attempts to correlate combustion efficiency against various loading para-
meters (Figures 184 and 185 ) indicated a significant amount of scatter in the
data. However, the correlation of Figure 185 allowed trends to be established
and indicated that the design efficiency of 95 percent had been achieved.

Combustor liner metal temperatures were monitored with surface thermocouples
and thermindex OG-6 temperature indicating paint. The thermocouple data for Mod 5
are plotted against combustor exit average temperature in Figure 186 and indicate
a peak liner temperature of 11570 F. However, the OG-6 paint indicated local temper-
atures approaching 1500OF in areas away from the thermocouples and are believed to
be a better indication of the peak liner temperatures.

Following the above performance evaluation, the ignition envelope of the
combustor was evaluated at simulated altitudes from sea level to 20,000 feet. The
range of combustor inlet airflows, pressures and temperatures evaluated is shown
in Table 27.

The ignition system consisted of dual spark ignitor/starting fuel nozzle
pairs located 90 degrees apart on the left side of the gasifier. The starting fuel
nozzles are of the simplex, pressure atomizing type fed from an integrally-cast
manifold in the main frame. Starting nozzle fuel pressure was held constant at
50 psid. Figure 187 is a photograph of the nozzle spray and also shows the re-
lative orientation of the ignitor/nozzle pair. The combustor liner was removed
for clarity.

The ignition tests consisted of setting combustor inlet airflow, pressure
and temperature, then holding these parameters constant while fuel flow was varied
in small increments to define the lean and rich ignition limits. For the expen-
dable gasifier combustor, temperature limitations prohibited definition of the rich
limit; however, the lean limit is well defined as shown in Figure 188, where pri-
mary combustion zone equivalence ratio is plotted against a combustion stability
parameter relating reference velocity, inlet pressure and temperature, and laminar
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Figure 186 Expendable Gasifier Combustor Liner Thermocouple Measurements.
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flame velocity. While the rich limit was not defined for the expenoable gasifier,
the shape of the curve is known and its position approximated from tests of simi-
lar combustors such as the Teledyne CAE Model 555 shown. Increasing severity of
ignition occurs to the right with increasing values of w, with the nose of the ig-
nition loop occurring near an equivalence ratio of 1.0. The practical short dura-
tion temperature limit shown is an arbitrary limit based on experience with the
low speed temperature capabilities of similar axial flow turbines.

The starting conditions of the expendable gasifier were approximated over
a range of altitudes from sea level to 30,000 feet and flight Mach numbers from
0 to 0.90. These conditions were then plotted on the ignition envelope of Figure
188 as shown in Figure 189. Where the test points and approximate rich limit
have been removed for clarity. The starting points cross the temperature limit
in the 25,000 to 30,000 feet altitude and 0.25 to 0.5 Mach number range. This
provides the upper limit for a constant starting fuel nozzle flow rate.

Replotting the starting conditions falling within the ignition envelope
in terms of altitude and flight Mach number resulted in Figure 190 and provides
an estimated expendable gasifier starting envelope.

Table 28 summarizes the combustor test results and shows that with the
exception of pressure loss and liner temperature, all performance goals were met
or bettered. Consequently, a combustor with well defined performance is avail-
able for expendable gasifier demonstration tests.
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Figure 190. Expendable Gasifier Start Envelope (Standard Day)
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TABLE 28

SUMMARY OF EXPENDABLE GASIFIER COMBUSTOR TEST RESULTS

GOAL ACHIEVED

Pressure Loss - Percent 10.0 12.3

Heat Realease - MBTU

Hr" Ft3 . ATM 9.3 9.3

Efficiency - Percent 95.0 95.0

Exit Temperature - OF 1800 1800

Temperature Rise - OF 1516 1516

Exit Radial Profile 0.07 0.05

Exit Pattern Factor 0.20 0.154

Maximum Liner Temperature - OF 1400 < 1500

27329
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5.3 TURBINE DESIGN

5.3.1 Design Objectives

The base HP turbine has as its design objectives the accomplishment of the
following:

1. Adaptability
2. Low Cost
3. Good Performance and Flexibility
4. Ease of Development

5.3.2 Design Requirements

Design requirements for the expendable gasifier turbine were established
to provide low cost, as exemplified by casting techniques, simple blading de-
sign and moderate performance requirements, providing for a wide variety of oper-
ating conditions as demanded by various engine development considerations.

The gasifier turbine inlet conditions at design point are:

Inlet Temperature - OR 2260
Inlet Pressure - psia 38.29
Inlet Swirl - degrees 0
Mass Flow - Ibm/sec 3.957

The turbine design requirements at these conditions are given in Table
29.

TABLE 29

EXPENDABLE GASIFIER TURBINE DESIGN REQUIREMENTS

Referred Work - Btu/lbm AH = 12.9
ecr

Absolute Work - Btu/lbn AH = 55.4

Referred Speed - rpm N - 16080

Referred Flw - Speed Parameter - WN = 871
lb. rev/sec 608c

Referred Flow - lbm/sec WFr = 3.25
8

Total-To-Total Efficiency 17= 82.5
(Minimum) - Percent

27336
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These moderate performance requirements result in hardware that is more
adaptable to a variety of engine configurations for optimum performance at low
cost.

5.3.3 Aerodynamic Design Approach

The turbine aerodynamic design approach was based on permutation of:

1. Vector diagram selections/optimizations
2. Variations of some turbine basic geometric parameters and their

effect on performance
3. Detailed flowpath design analyses
4. Blade designs for achievement of design velocity diagrams.

Before proceeding with a final design, the expendable gasifier turbine
performance potential was examined to assure that the turbine base vector diagram
selection was appropriate. Figure 191 shows results of such an investigation.
It is seen from this plot that the turbine design point is nearly optimum and also
is in a region where gradients in efficiency are the least. This feature ensures
maximum turbine adaptability and least sensitivity to various other possible
changes as imposed by different gasifier applications. Figure 192 shows the
sensitivity of the gasifier turbine stage nozzle and rotor trailing edge thickness
and rotor tip clearance. Consideration was also given to parasitic losses,
leakages and tolerances to assure that performance goals will be met. Figure
193 provides a summary substantiating that a conservative gasifier turbine perfor-
mance goal of 82.5 percent will be met. This takes into consideration various
additional performance penalties and decrements, that have been imposed on produc-
tion hardware, as may be expected in a real engine environment.

The final expendable gasifier turbine flow data for cold static conditions
are given in Figure 194. An analysis was performed using a computerized version
of radial equilibrium calculations between blade rows, which accounts for radial
variations in total temperature, entropy and the effects of streamline curvature.
The final cold flow path dimensions are based on brining the hot flow path solu-
tion to 700F. Assumptions used in calculating the thermal contraction were:

All shrouds --- MAR-M-509 --- Hot Temp. 1730°F

Disk --- IN-100 --- Hot Temp. 1300OF

The turbine stage consists of a 13-vane constant section nozzle and a 29-
bladed rotor. The constant section nozzle was finalized during the Phase I design
effort. Once the nozzle hardware was fixed, the radial equilibrium streamline solu-
tion was then matched to the aerodynamic requirements of the constant section
nozzle. The matching solution (Table 30 ) was the basis for the final flow path
and the rotor blading design. The vector triangles corresponding to this streamline
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solution are shown in Figure 195. The moderate turbine design requirements
translate into conservative Mach number levels and modest turning angles. The
turbine inlet temperature distribution is given in Figure 196 and is consistent
with Teledyne CAE design experience for shaping combustor exit temperature pro-
files. The total pressure profile at inlet to the turbine was assumed to be
uniform. Nozzle and rotor radial loss distributions are given in Figure 197
and are consistent with the type and size of the blading under consideration.
A near uniform total pressure at the rotor exit was specified to minimize entrance
losses to following components. The radial work distribution of the turbine is
given in Figure 198. The work extraction is biased to be low in the low effi-
ciency regions, i.e., at the hub where low rim speed reaction, fillets and secon-
dary flows predominate and at the tip where clearance and wall effects impair
performance. The vane and blade Zweifel loading parameter distributions with
respect to the prescribed nozzle/rotor axial chords are given in Figure 199.
A list of various aerothermodynamic parameters is given in Table 30 for refer-
ence.

The basic vane design approach was to provide a low cost component that
could be integrally cast as a nozzle assembly (Figure 200 ). The vane section
itself is of simple shape which is hollow on the inside and supplies 64 percent
of compressor flow to the combustor. A trailing edge view of the nozzle ring
assembly is given in Figure 201 .

Aerothermodynamically, the expendable gasifier turbine inlet nozzle (P/N
722102), is a 13-vane constant section, moderately loaded nozzle (Zweifel coeffi-
cient = 0.4). Figure 202 shows the general nozzle definition. The airfoil has
a 2.37 inch axial chord, 0.048 inch nominal trailing edge thickness and tolerance
band of + 0.010 inch from nominal. The design cold throat area is 9.997 square
inches; the hot throat area is 10.706 square inches. Compressible flow loadinq
diagrams for the hub, mean and tip nozzle sections are shown in Figures 203.
204 and 205 . A boundary layer analysis was applied to the tip section suction
surface. The resultant displacement thickness, momentum thickness and form factor
development along the surface are given in Figure 206 . The solution started as
laminar and at a stagnation point and it was assumed to trip td a turbulent solu-
tion at the point of instability. The vane geometric properties are given in
Figure 207.

The rotor blade design approach is similar to that of the vanes. The
rotor blades and disk are integrally cast and together with simple blading assure
low cost.

The selection of a reasonable chord for castability and a Zweifel loading
coefficient of 1.0. results in a rotor with 29 blades. Three airfoil sections were
aerodynamically designed ( 0, 50, and 100 percent mass flow streamlines) and are
given in Figures 208 , 209 , and 210 . The cross-sectional areas were set to
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best match the preliminary stress requirements at hot conditions, see Figure 211.
The final blading has since been subjected to mechanical/stress analysis and is
considered acceptable. Figure 212 shows the radial location of the mylar defi-
ning sections of the blade. A nested section view of the blade is given in Figure
213. At the mean, the blading has a 0.7 inch axial chord, 0.026 inch trailing
edge thickness and tolerance band of + 0.003 inch. The designed cold throat area
is 12.94 square inches and the hot throat area is 13.75 square inches.

The hub, mean and tip sections were designed using incompressible flow
solutions at nominal inlet relative gas angles and at + 10 degrees from nominal.
The airfoil shapes were adjusted to keep diffusion at a minimum. Figures 214,
215 , and 216 are the final nominal incompressible flow loading diagrams.
These sections were also checked for compressible flow and the resultant loading
diagrams are given in Figures 217 , 218 and 219 . Boundary layer solutions
corresponding to the compressible flow solutions on the suction surface of each
section are given in Figures 220 through 222 . The solutions were allowed to
trip from laminar to turbulent near points of instability. The critical velocity
ratios along the surfaces are moderate, less than 0.8, it is therefore unlikely
that separation would occur because of high speed effects. The boundary layer
solutions indicate that flow is stable over the entire blade. Additional rotor
blade geometric properties are given in Figures 223 through 225.

The expendable gasifier map was estimated using the well known NASA, axial
flow, turbine off-design deck (NASA - CR-710). In this procedure, the cascade
losses are defined by cascade design efficiency levels plus an incidence loss. The
turbine outer and inner annulus are specified together with blade-row throat openings.
Off-design performance is then obtained by dropping the static pressure behind the
blade rows in a systematic fashion until successive choking limit-loading occurs
down through the exhaust annulus. Figure 226 gives the expendable gasifier esti-
mate performance map obtained from this NASA program. The prediction shows that
the turbine has a high tolerance to limit-load and provides optimum efficiency
region along the estimated engine operating line.

Extensive combustor test rig activity served as an excellent vehicle to
check expendable gasifier nozzle flow characteristics. Figure 227 provides re-
sults of a nozzle blow down test. These data show that the flow appears to be low
by about 4.6 percent. However, test experience with earlier fan turbine tests
(Figure 228 ) shows similar behavior in a low pressure region, depending on whether
the rotor is present or not. Hence it is concluded that on an over-all basis, the
nozzle characteristic is close to design. It was also possible to approximate the
nozzle loss coefficient level from the combustor rig test. Results of these cal-
culations are presented and compared with design loss level in Figure 229 . The
general level of agreement with the design objective is considered to be good.
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COLD HOT
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Figure 223 . Turbine Rotor Final Design Radial Throat Opening Profiles, Hot and
Cold Conditions.
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ANGLE - DEGREES ( + WITH ROTATION) 27337

A Figure 224 Turbine Rotor Final Design: Radial Profiles of Various Bladina
Angle Parameters.
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With respect to final engine cycle demands, the combustor rig development
has demonstrated that the base turbine flow capacity needs to be increased by
approximately 6 percent. Figure 230 tabulates the requirements and effects on
pertinent variables. Figure 231 shows the amount of nozzle cut-back required
to obtain proper flow match. Since the flow capacity of the first compressor
build will not be known until test, the nozzle modification will be deferred
until it is known that a modification is required.

PRESENT NOZZLE
CONFIGURATION OPEN CHANGE

NOZZLE THROAT AREA 10IN2  10.6 1N2  6%

REFERRED FLOW -- e 864.65 900.36 4.1%

NOZZLE EXIT MACH NO. 0,618 0.598 -3.2%

ROTOR EXIT MACH NO. 0.583 0.612 5%

ROTOR REACTION 0,451 ' 0.492 9%

EXIT SWIRL 30 -2.2 5.20

TOTAL TO TOTAL, viT-T 84.5 84.0 -0.5 POINTS

TOTAL TO STATIC, ni 76.5 75.3 -1.2 POINTS

TOTAL TO AXIAL, ? 84.5 83.9 -0.6 POINTS
27380

Figure 230. Turbine - Effect of Nozzle Cut-Back.
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5.3.4 Mechanical Design

The selected material for the turbine rotor is IN Oa, a nickel alloy
chosen for hiqh strength to 1900 F; this alloy has attained considerable industry
usage for both individual blades and intearal bladed rotors. Teledyne CAE exper-
ience with this material derives from the production J402 turbine rotors; the
latter's comparable size to the E.G. rotor (within 1/2 inch at 0D) and same
material influenced the decision to select the same foundry to produce the E.G.
rotor.

Recoanizinq the need to reduce machininq operations (especially on nickel
base alloys) in order to reduce procurement costs, the E.G. rotor is cast to net
shape, needinq only to have the blade tins cropped and the hub faced for the
electron beam weld joint with the shaft.

The turbine clearances are shown in Fiqure 232

-'-f

S ,TURBINESTIP
__ _ _/" -_ _ _ 0.050

- -+0.003

TURBINE
0.125t 0.06 - TO NOZZLE

AXIAL GAP

AT 100% SHAFT SPEED, STEADY STATE CONDITIONS, THE TURBINE TIP RADIAL

CLEARANCE IS CALCULATED AS FOLLOWS:
0.050 MEAN BUILD CLEARANCE

+.027 TURBINE SHROUD THERMAL GROWTH
-0.053 TURBINE TOTAL GROWTH

0.024 MEAN OPERATING TIP CLEARANCE 27373

Figure 232 . Expendable Gasifier Turbine Clearances (at Cold, Static Conditions).
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5.3.5 Structural Design

The turbine blade was modeled with four-node quadrilateral plate elements
to determine natural frequencies using the NASTRAN finite element computer pro-
gram. The original blade design was analyzed at zero speed using the normal modes
rigid format of NASTRAN, and at maximum speed using the normal modes with differ-
ential stiffness rigid format. Sixty-four elements were used, and the blade was
fixed at the hub. The blade model is presented in Figure 236 . Results of the
analysis are presented on a resonance diagram in Figure 233. The primary source
of excitation to the turbine blades is the turbine inlet nozzle blockage (13E).
The margin between the 13E excitation and the first torsion mode of 10 percent.was
believed to be too low. Therefore, an effort was made to increase the blade tor-
sional frequency.

The blade redesign involved increasing the blade thickness at the hub and
fairing it into the original blade at 50 percent span. The resulting change in
blade cross sectional area distribution is presented in Figure 234 . Blade fre-
quencies calculated for this thickened blade are shown on the interference diagram,
Figure 235. The 13E frequency margin for the first torsion mode was increased
to 19 percent which was considered adequate. Resonance of the complex plate type
modes (modes 3 through 7) with multiples of the vane passing frequency is not con-
sidered a problem. Mode shapes from the NASTRAN analysis are shown for the final
turbine blade design in Figures 236 through 242 for the first through seventh
modes respectively.

The blade centrifugal and restored gas bending stresses were calculated
using a conventional tapered, twisted beam model. A summary of the blade stresses
at the hub (maximum stress point) and at 50 percent span (minimum stress margin
point) is presented in Figure 243 . A minimum safety factor of 1.5 on the 20-
hour stress rupture strength is indicated. This was determined by comparing the
direct tensile stresses (centrifugal P/A) with the minimum 20-hour stress rupture
strength, based on the adiabatic wall temperatures predicted for the blade at
maximum speed and a turbine rotor inlet temperature of 18000F. The predicted
temperatures, centrifugal stresses and 20 hour stress rupture strengths are Pre-
sented in Figure 244 for the complete blade span.

The design goal for the turbine disk is a low cycle fatigue (LCF) life of
2,000 start-stop cycles. A disk was designed, with a solid bore, for an assumed
starting thermal gradient of 1000OF from rim to bore, based on the transient
thermalanalysis of similar IN-10 turbine disks. The stress analysis indicated
that the bore stresses were below the yield strength of the material while the rim
tangential stresses were in compression, near the yield strength. For a reverse
thermal gradient of 500OF upon shutdown, a total strain range of less than 0.005 in/
in. was estimated for the rim, which results in an LCF life greater than 2000 cycles,
according to the curve of Figure 245. The analysis is based upon a pseudo-plastic
analysis by assuming elastic strain invariance from an elastic analysis which is
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243 

EMODE 7 COMPLEX BENDING
22

20 MODE 6 COMPLEX BENDING _ _ _ _ _ _

18 MODE 5 COMPLEX BENDING - TORSION COUPLDI

16

> 1 MODE 4 TIP CHORDWISE BENDING
U r
z

~12

Uj MODE 3 BENDING - TORSION COUPLED

B MODE 2 TORSION - T.E. BENDING

6

2 _

SPEED - RPM X 10-3  27368

Figure 233 . Turbine Blade (Design #1) Intereference Diaaram.
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DEFLECTED

UNDEFLECTED

27346

Figure 236. Turbine Blade NASTRAN Analysis 100 Percent Speed, Mode 1., 4217 Hz.
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27353

Figure 237 .Turbine Blade NASTRAN Analysis 100 Percent Soeed, Mode 2, 886? Hz.
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Fiqure 238. Turbine Blade NASTRAN Analysis 100 Percent Soeed, Mode 3, 11188 Hz.

320 '-I



- - -~-DEFLECTED

,&--UNDEFLECTED

27351

Figure 239 Turbine Blade NASTRAN Analysis, 100 Percent Speed, Mode 4, 14192 Hz.
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DEFLECTED

UNDEFLECTED

27355

Figure 240 .Turbine Blade NASTRAN Analysis, 100 Percent Speed, Mode 5, 16877 Hz.
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Figure 241 Turbine Blade NASTRAN Analysis, 100 Percent Speed, Mode 6, 21055 Hz.
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Figure 242 . Turbine Blade NASTRAN Analysis, 100 Percent Speed, Mode 7, 23316 Hz.
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1 800

1700

-0 ADIABATIC WALL TEMP. (BLADE)
z 1800°F TRIT

1:!500

1400 ----

40 MIN 20H R

STRESS RUPTURE STRENGTH
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IlI
w 4
- 20 ' -' ", ., '

Io C,, ,,
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TEMPERATURE - OF 2738.'

Figure 244. Final Turbine Blade Stresses Compared to Stress Rupture Strength.
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valid for thermal loads. This serves as a good approximation for rim strains since
the rim loads are predominantly thermal.

A thermal analysis of the disk was performed from start-up to full speed,
assuming a step increase in turbine rotor inlet temperature from ambient to 18000 F.
The analysis indicated a thermal rim-to-bore gradient of 12900F. The analysis did
not predict the shutdown transient, so a reverse gradient of 50 percent of the
start-up gradient was assumed. Using these gradients, the stress analysis of the
rotor disk predicted the strain range of the disk rim of approximately one percent
which produces a LCF life of less than 2000 start-stop cycles (Figure 245). The
disk was not redesigned since there was a lack of IN-100 cyclic materials data in
the temperature range of interest, and the program schedule would have been adver-
sely impacted. Development of a turbine rotor with the capability to withstand
2000 rapid start-stop cycles will be accomplished in the next program phase.
Currently the disk design is structurally sound for normal gasifier operation,
but more accurate information concerning the rapid start-stop operation is required
to more precisely predict the disk LCF life for a jet fuel starter application.

The disk was originally designed with a solid bore. However, a hollow bore
was required for the gasifier application to allow for a through-shaft. This
change was made, and the latter thermal/centrifugal stress analysis mentioned above
is for a hollow bore. The combined centrifugal and thermal stresses at 100 per-
cent speed and 1800OF turbine rotor inlet temperature are summarized in Figure 243.
A 37 percent burst speed margin is indicated at 33,500 rpm.

5.4. GASIFIER OVERALL MECHANICAL DESIGN

5.4.1 Basic Configuration

The Model 506-2X Expendable Gasifier (Figure 246 ) consists of an axial
flow compressor, annular combustor, axial turbine and support structure. The annu-
lar, reverse-flow combustor overlaps the axial compressor to provide a compact unit
12.9 inches in diameter, 18.6 inches in length, and weighing approximately 73 lbs.

Basic design features of the expendable gasifier are as follows:

1. Lube System - Self-contained, having no oil pumps, filters, coolers,
etc. and requiring no maintenance. These systems are based on those
of proven production engine technology.

2. Compressor - Uses four identical aluminum precision castings, including
stators which require a minimum of machining.

3. Comressor Drive - Uses radial pins that assure rotor bore uniform
radial growth and eliminate splines.

4. Main Shaft - Investment cast to net shape turbine, permanently electron
beam welded to tubular shaft; assures shaft dynamics stability.
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5. Combustor - Pre-perforated sheet metal construction; spring leaf
support accommodates thermal expansion.

6. Turbine Inlet Nozzle - Monolithic precision casting with hollow,
air-cooled vanes.

7. Quick Attach/Detatch Flanges - Permits quick assembly of gear box
and derivative modules.

8. Main Frame - Multi-purpose; incorporates many functions in one
relatively low cost component.

5.4.2 Material Selection and Fabrication Methods

In selecting materials and manufacturing processes for the gasifier,
emphasis was placed on the use of readily available alloys and the use of low
cost fabrication methods such as sand and investment castings to reduce machining
costs. In general, the materials selected have inherent corrosion resistance by
virtue of their chemical composition. This pre-empts havinq to use cost impacting
protective coatings.

Figure 247 shows the material selected, for the major engine componEnts,
and their fabrication method. Extensive use is made of castings for the main frame,
compressor rotor and stators, turbine nozzle and rotor.

The cast aluminum alloy, C-355, selected for the compressor and stators,
is currently used at Teledyne CAE for the cold end housinqs on the J402 series pro-
duction engines. The alloy is easily cast and can be heat treated to a strength

4level of 40,000 psi. This alloy was also used in the initial procurement of the
main frame combustor rig. However, test results indicated a possible temperature
problem at the frame rear flange; the problem has been addressed by substitutinq a
higher strength-at-temperature alloy (RR 350) for the frames presently on order.

For the combustor, pre-perforated sheet of Haynes 556 alloy has been selected
for its good high temperature strength and corrosion resistance to 20000 F. It is
readily formed and easily welded.

The turbine inlet nozzle is an investment casting of N-155 alloy. This alloy
was selected for its good castability along with good oxidation and strength charac-
teristics to 18000F, and can easily be weld repaired.

The turbine rotor, cast virtually to net shape, is of IN-IO0, a nickel base
alloy characterized by its high strength to 1900OF and its common use in gas turbines.

The following is the step-by-step procedure for assembling the gasifier,
krefer to Figure 248 ).
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STEP 1.

a. Install rear bearing outer race and roller complement in turbine
inlet nozzle.

b. Press rear bearing inner race in turbine shaft and secure with
lock ring.

c. Introduce turbine shaft into inlet nozzle, engaging the rear
bearing.

STEP 2.

a. Install fourth stage stator.
b. Install fourth stage compressor rotor engaging the three radial

drive pins with the turbine shaft.
c. Repeat with the remaining stators and rotors. The combustor,

being permanently riveted to the first stage stator, will assemble
with the latter, mating with the turbine inlet nozzle.

STEP 3.

a. Pre-assemble the 14 fuel nozzles and the bearing sump seal into
the main frame.

b. Install the main frame, engaging the rear bearing fuel lube tube
and the six frame-to-turbine inlet nozzle radial pins.

STEP 4.

a. Pre-assemble the driven bevel and supportive bearings and the
turbine shaft thrust bearing into the bevel gear set housing.

b. Introduce the bevel gear set housing into the main frame lube
sump cavity and bolt in place, pressing the thrust bearing into
the shaft.

c. Press the drive bevel and spacers onto the turbine shaft and
torque the shaft nut.

c. Install the nose cone.
e. Fill front bearing lube sump, introducing lubricant through the

accessory drive shaft hole, observing the lubricant level through
the transparent plastic nose cone.

f. Install the accessory drive shaft.
g. Mount the accessory drive unit on the main frame pad and secure

with QAD clamp.

5.4.3 Shaft Dynamics Suspension System

The principal source of mechanical vibration in the gas turbine engine is
an unbalance in the rotating shaft system. This unbalance may excite critical speeds
of the shaft itself and/or induce resonance in any combination of structural ele-
ments that may be tuned to the running frequency of the shaft. The expendable
gasifier has been designed to minimize the effect of rotor unbalance and critical
speeds through the proper combination of rotor and supporting structure compliances.
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The E G shaft critical speeds curves (Figure 249) indicate that the
third critical speed margin (first shaft bearing mode) is in excess of 28 percent
for any combination of bearing/support springrates (based on a maximum operating
speed of 33,500 rpm). This is an adequate margin for this shaft configuration.

To prevent the first and/or second critical speeds (primarily rigid body
modes) from occurring within a 20 percent range of the normal operating speed
(33,060 rpm), the front bearing/support springrate must be less than 60,000 lbs/in,
and the rear bearing/support springrate must be less than 200,000 lbs/in. A rear
bearing/support springrate of 1,000,000 lbs/in will place the second critical
28 percent beyond the maximum operating speed. It is doubtful that the combined
rear bearing and support housing structure springrate will be this high.

The bearing support structural springrates, with bearings installed, will
be determined experimentally, on the first engine hardware, to ascertain the
necessity for a modification to provide additional flexibility for critical speed
control. A radially-stepped flexible spring ring has been designed for the rear
bearing support and a high temperature elastomeric "0" ring and adapter ring have
been designed for the front bearing support to provide the necessary flexibility
(Figure 250) in the event the measured structural compliance indicates a possible
critical speed problem. The bearing support housinqs have been designed for easy
modification to accept the flexible members, if necessary. The critical speed
summary is presented in Figure 251 . Shaft balancing procedure is illustrated in
Figure 252.

5.4.4 Bearings and Lubrication Systems

Conventional lubrication systems require oil pumps, filters, cooler tanks,
etc. The Model 506-2X uses production-engines-proven, self-contained systems
whose reliability is enhanced by the elimination of rotating components.

The main shaft front thrust bearing lubrication system (Figure 253 ) is
of the recirculating pot lube type; its technology has been amply demonstrated in
both the VSTT and Harpoon engines. In the latter engine, successful bearing lubri-
cation is accomplished at stringent starting conditions: -650F, while accelerating
the shaft from 0 to 41,000 rpm in less than 10 seconds.

The drive bevel (Figure 253 ) rotating at shaft speed, entraps oil and
centrifugally slings it through the bevel gear housing cored passages that lead
to the thrust bearing. Large holes in the cylindrical portion of the gear housing
assure oil circulation to the driven bevel, vertical accessory, drive shaft spline
and the supportive bearings. Oil drains by gravity to the sump and a conventional
carbon face seal prevents leakage. Bearings and gear mesh friction heats are
transferred to the oil which, in turn, rejects it to the inlet air flow, scrubbing
the aluminum main frame oil sump walls. Oil level is readily discerned through
the translucent plastic nose cone.
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The front bearing absorbs the shaft thrust; its unique fractured outer ring
feature was selected to provide a higher capacity ball complement than the conven-
tional Conrad type of the same size while avoiding the inherent high cost of the
split inner race design normally employed in turbine main shafts applications.
The fractured outer rings permit the use of a single-piece machined ball retainer
(not riveted) made of high strength steel plated silver; the retainer is outer-
ring-guided for optimum lubrication characteristics. Salient features of the
bearings are shown in Figure 254.

The rear bearing fuel lubrication system (Figure 255 ) derives its tech-
nology from the J402 VSTT engine. Fuel at pump discharge pressure flows through
the main frame cored passages to the fuel lube tube. A highAP flow restrictor
reduces the fuel pressure at the fuel jet inlet. The low pressure differential
across the jet permits control of fuel lube flow in the range of 140-160 cc per
minute. Low values of AP also allow use of a relatively large jet diameter
(0.02 in), reducing the chance of jet plugging through fuel carbonization at
shut down.

Fuel is injected in the bearing, aided by the fourth stage axial compressor
labyrinth seal air leakage. The expended fuel/air mixture then flows radially out-
ward to mix with the main gas stream. Approximately two-thirds of the above
quoted fuel flow is required to lube the bearing. The other one third is nece-
ssary to maintain a rich fuel/air mixture to preclude self ignition.

The rear shaft roller bearing design is patterned after its VSTT counter-
part. It features a wide, shoulderless inner race, lengthened to accommodate
axial tolerance stack-ups and differential thermal expansion between shaft and
structure. The roller complement and retainer construction are designed primarily
to enhance high speed capability rather than load capacity, since the radial
loading imposed by maximum shaft unbalance (and maneuvering forces) is a small
fraction of the basic bearing capacity. Salient features of this bearing are
summarized in Figure 256.

5.4.5 Accessory Drive

The accessory drive originating bevel gear set and vertical drive shaft
are designed to the following requirements:

1. Starter Output Torque - in/lbs 84
2. Starter-to-Engine Speed Ratio 0.625
3. Starter Cut-Out Speed - rpm 10,000

at Engine Speed - rpm 16,000
4. Continuous Accessory Drive Load - hp 3

Fuel Pump Drive - hp 1
Alternator Drive - hp 2
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Both bevels are supported by bearings located in a single housing assuring
gear tooth alignment (Figure 257 ). The gears are designed for unlimited life; a
misalignment derating factor of 1.5 has been imposed to account for the overhung
mounting of the gear set, i.e., the calculated applied tooth lead is increased by
50 percent to account for the overhung mounting. Notwithstanding, the derating
factor, the bevel gear set with the specified material, processing and tolerances
will exceed all life requirements (Figure 258 ).

The gears were originally designed to be the coneflex type: straight
tooth, carburized, but not ground. In the procuring process, however, it was
found that the normally higher cost Zerol type (ground carburized tooth) was cost
competitive when the higher coneflex tooling was factored in. A decision was
reached to select the higher reliability Zerols for the demonstrator phase. These
higher precision gears will be capable of withstanding the protracted starting
mode that may be encountered in the process of developing the gasifier starting
cycle at initial assembly. The lower cost (when produced in quantities) coneflex
gears can be re-introduced in the engineering development phase.

The accessories anticipated for the Model 206 Jet Fuel Starter are shown
in Figure 259 .

5.4.6 Structural Components

The unique annular folded combustor design surrounding the compressor per-
mits extending the main frame rearward, reducing the number of principal struc-
tural components to two: the main frame and the turbine inlet nozzle.

The mainframe aluminum sand casting is the expendable gasifier
principal structural component. Its unitized construction is designed to
perform a multitude of functions (Figure 260) reducing overall cost by
eliminating separate, bolted-together parts. External lines prone to leakage
and damage through handling are supplanted by internal cored passages. QAD
flanges are used to permit quick attachment of the accessory gear unit and
puwer modules.

RR350 (AMS 4225) aluminum has been selected for the frames slated for the
compressor rig and the demonstrator. RR350 exhibits higher creep strength than
the original choice C 355 aluminum at temperatures above 400°F (Figure 261 ).
RR350 will also provide a higher yield strength safety factors (Figure 262) at
the higher temperatures that may be encountered at the frame-to-turbine inlet
nozzle joint. The foundry has stated that they are pouring RR350 aluminum and do
not anticipate any difficulties casting it with the existing pattern equipment.

The single-piece, turbine inlet nozzle precision casting (Figure 263 ) is
made from N155, an alloy easily cast and capable of being weld repaired (increasing
foundry yield). The nozzle, like the main frame, is designed to perform a number
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N 31,993 RPM

31 TEETH

30 TEETH

N = 33,060 RPM

TYPE: ZEROL-CARBURIZEDGROUNDTEETH
MATERIAL: AMS 6272 STL
DIAMETRAL PITCH: 14

*STRESS:
MAX. TOOTH ROOT BENDING STRESS 12,240 PSI
ALLOW STRESS FOR UNLIMITED LIFE (4000 F) 21,000 PSI

MAXIMUM HERTZ CONTACT STRESS 145,900 PSI
ALLOW STRESS FOR UNLIMITED LIFE (4000 F) 180,000 PSI

SCORING INDEX
MAX. STARTING LOAD 2730
MAX. CONT. OPERATING LOAD 4510

ALLOW SCORING INDEX
MI L-L-7808 5000
MI L- L-23699 5500

*NOTE: THE GEAR STRESSES ARE CALCULATED UNDER WORST LOAD 27391

CONDITIONS (STARTING CYCLE);- NORMAL ACCESSORY
OPERATING STRESSES ARE APPROX. 25% OF THESE VALUES.

Figure 257 . Accessory Drive Bevel Gear Set.
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of functions. Besides its basic function of impinging combustion gas into the
turbine blades, the nozzle houses the shaft rear bearing, supports the combustor,
shrouds the turbine and transfers the bearing loads to the main frame through six
radial pins. The latter accommodate the differential thermal expansion between
the nozzle and the aluminum frame while maintaining shaft centrality. The thir-
teen hollow vanes provide the air path for the combustor outer shell, improving
nozzle life by lowering vane wall temperature. No structural defects were detected
in the nozzle used in the combustor development rig program. Rig testing subjected
the nozzle to relatively stringent conditions imposed by the large temperature
gradients encountered in combustor development.

5.4.7 Structural Verification

To assure material physical properties compliance, one casting from each
master heat is sectioned and test hirs are extracted by the foundry from one half
of the casting (Figure 264 ). Test results are then corroborated by Teledyne CAE's
metallurgical laboratory on the remaining sectioned casting. In the specific case
of the aluminum axial compressor where the blade material physical properties are
of paramount concern, each lot pour must be accompanied by flat test specimens
that simulate blade thickness. These flat specimens are heat treated along with
the casting lot and tested. The turbine rotor is subjected to room and elevated
temperature tensile tests. In addition, time-at-load and temperature stress rup-
ture tests are conducted (Figure 265 ).

Both the axial compressor and turbine rotors tensile centrifugal struc-
tural integrity will be verified in Teledyne CAE's spin pit test facilities
(Figures 266 and 267 ). Both rotors will be spun to 120 percent speed.

The Teledyne CAE evacuated spin chamber will accept rotors up to 30 inches
in diameter and provide for spinning components to speeds in excess of 65,000 rpm.
The spin chamber is housed in an environmentally controlled room which provides
ambient temperature control when conducting rotating brittle lacquer tests. The
spin pit can achieve a vacuum of 0.05 in. of Hg (Abs) within a period of 15 minutes.

The rotating component is attached to a spin arbor that hangs vertically
from the air-turbine drive motor mounted externally on the top of the spin pit
cover lid. An upper and lower catcher arrangement restrains the rotor-arbor
system if unbalance forces exceed the load-carrying capability of the air turbine
motor's quill. This system provides for a coast-down of the rotor-arbor system,
preventing damage to the test piece. Figure 268 (left picture) shows a test
rotor installed on the spin chamber lid prior to being lowered into the spin
chamber.
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Holographic interferometry has become a valuable tool in determining the
natural frequencies and mode shapes of gas turbine blades. Both axial compressor
and turbine rotor blades will be subjected to holographic interferometry to sub-
stantiate the blades analytically predicted vibratory modes. Teledyne CAE cur-
rently has on order a holographic system. In the event this system is not avail-
able in time, it is anticipated that holographic testing will be performed at
WPAFB.

In the event that compressor blade vibration problems are encountered in
the compressor rig development program, the basic rig hardware has been designed
to accommodate a 40-channel slip ring (Figure 269). This device, a proven
liquid cooled design, is on hand.

BASIC RIG HARDWARE WILL ACCOMMODATE SLIP RING

SLIP RING UNIT -SLIP RING DRIVE SHAFT
(ON HAND) 25767

Figure 269 Gasifier Compressor Rig Slip Ring Design.
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5.5 CONTROL SYSTEM DESIGN

5.5.1 System Overview

The expendable gasifier subsystems have been functionally integrated to
produce a system which is self-sufficient; operates automatically; is inherently
simple; requires a minimum of aircraft/starter interfaces; and incorporates
system safety features.

The EG starter/JFS operation is initiated by actuatinq the airframe hy-
draulic accumulator shut-off-valve which allows the JFS hydraulic motor to drive
the gasifier shaft and its associated gearing. This action provides four
key functions: AC power for the ignition excitor; DC power for system management
(P & D valve actuation); fuel flow and gasitier shaft rotation. Hence, one
interface with the airframe is needed to initiate and sustain EG operation. (The
fuel tank shut-off-valve is normally open and is closed for EG removal from the
aircraft.) Figure 270 shows a system schematic.

I M~lEqAFT ISTARTING FUEL 1

FUE---S A.TUTION11,MI TRESUR01 PMNAGEMENV DUM VALVE FOLD

C ACCUMULATOR P V V_ DUMP

PRESURE I SYRM IAOCNA IO

STAR MAAIRFRAME ,

L.T.2 .W'

USII C

j Figure 270. Control and Subsystem Operation.
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The EG is started and accelerated automatically by the fuel metering and
control logic in combination with the continuously supplied starting fuel and ig-
nition energy.

The system management control (SMC) is a simple logic network which actu-
ates the pressurizing and dump (P & D) valve. The P & D valve is energized (using
alternator DC power) to allow fuel to flow to the engine and to close the fuel
manifold drain when the gas generator has reached 10 percent speed. The P & D
valve remains energized for all engine operation. The system management control
also receives signals which cause the EG to be shut-down.

The EG may be shut-down by four methods, two of which enhance the system
safety. In normal operation the SMC monitors power turbine speed and de-energizes
the P & D valve when the power turbine reaches 100 percent speed; a mechanical
overspeed switch will de-energize the P & D valve should the SMC speed monitor be-
come inoperative; start abort and motoring (no main engine light-off) shut-off may
be commanded from the aircraft cockpit by means of an electrical logic signal to
the SMC which will override all other inputs. The P & D valve will be de-energized
in the event of alternator power loss.

All shutdown commands are reset automatically so that no specific action
is required prior to initiating another start. If the EG was shut-down due to a
power turbine overspeed, a mechanical indicator is set so that diagnostic action
may be initiated.

The system management control function will be expanded to include all fuel
scheduling and actuation functions for both the starting mode and the APU mode.
The operational mode will be selected by a manual input (switch) on the EG control
system. All internal control functions will automatically be selected by this
action.

No additional aircraft control interfaces are required to implement the
APU option and no starter system features such as self-sufficiency and shut-down
control are lost.

5.5.2 Fuel and System Management Control

A system trade study was conducted to determine the most cost effective
system (electronic or hydromechanical) which can be utilized as the SMC. Because
of the many functions required of the SMC in an F15/F16 type of application, the
digital electronic control is a clear-cut choice for a system controller.

The electronic fuel and System Management Control (SMC) is an all digital
unit with an 8 bit microprocessor as the central processing unit (CPU). This
approach yields high flexibility, since system operation can be altered by software
rather than hardware changes. The system can be easily expanded by adding new
software, with no effect on the existing hardware.
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EG operation is controlled by accepting inputs from the engine and cockpit
and providing properly sequenced discrete outputs and fuel flow regulation. The
basic functions performed by the controller are described below.

Start Sequencing The SMC logic computes the required start sequence as a function
of gasifier speed and time. A typical sequence is as follows:

1. 0% Ngg - Starter On
2. 2% Ngg - Ignition Excitor On
3. 6% Ngg - Ignition Fuel On
4. 12% Ngg - Main Fuel Valve On
5. 30% Ngg - Ignition Fuel Off, Starter Off
6. 35% Ngg - Ignition Excitor Off

The SMC also monitors engine parameters to verify that a successful start has been
accomplished; if not, the functions will be reset and another attempt made. If
the EG is in the APU mode of operation, the sequence portion will pass authority
to the appropriate power turbine control mode (constant speed or load control).
If the EG is In the main engine start mode, power turbine speed monitoring will be
accomplished to shutdown the gasifier when the correct power turbine speed has been
obtained to ensure that the main engine has attained self-sustaining speed. If the
EG is to be operated as an APU after main engine start, control authority will be
switched to the APU mode after the main engine is decoupled.

Acceleration Fuel Scheduling Acceleration limiting is provided by a Wf/Pa schedule
obtained by generation of the function Wf/P2 versus corrected gasifier speed
(Figure 271). Steady state fuel flow is generated by the integral plus propor-
tional compensated speed governor and is reset by the power turbine internal or
external speed reference. Inter-turbine temperature limiting is provided by sche-
duling of ITTc, which is obtained by generation of the function ITTc versus corrected
gasifier speed, and then comparing the actual ITTc to the computer value. The
summation of these three signals results in a desired Wf/P2 9 which is compared
against a minimum schedule to prevent combustor flame-out. The Wf/P2 9 is then
conditioned by P2 at 0 to yield the desired fuel flow. This signal is amplified
and used to position fuel metering valve.

Limiting The gasifier operation will be limited by mechanical speed (Ng), corrected
speed (Ngc), and inter-turbine temperature (ITT). This limiting allows the gasifier
to be operated at peak power output for all inlet conditions around the flight enve-
lope. Typically, the Ngc limits will have authority at cold T2 inlet conditions
and ITT at hot T2 inlet conditions.

Power Turbine Governing The power turbine is governed isochronously in response
to an internal speed reference, an external speed reference or an external load
error signal. Power is delivered up to the point at which any gasifier limit is
reached. The power turbine governor, when referenced to a speed command input,
will hold the commanded speed with + 0.25 percent.
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Power Turbine Overspeed Protection Power turbine overspeed is handled in a number
of ways. The basic isochronous governor maintains power turbine speed (Np) over
all normal operating loads. Npt as well as the rate of change of Npt is measured
and a logic matrix load loss detector (generated based on these parameters) will
either decelerate the gasifier to ground idle (no load speed) or rapidly shutdown
the engine by actuating the P & D valve, thereby protecting the APU system while
still allowing return to normal operation without, in many cases, a restart.

Self Test and Failure Reversion The software provides protection and failure rever-
sion ability to the controller. Through the self-test, all engine sensors and cer-
tain key sections of the software program are continuously tested. If failure of a
non-critical sensor (e.g. ITT) or program section is detected, the fuel metering
valve is commanded to a safe condition (in the case of ITT failure, a gasifier
speed that ensures the engine will not go over temperature). In the case of over-
speed detection, the engine is shutdown or returned to ground idle. Two Npt mag-
netic pickups provide two Npt signals. If either pickup fails, the failure is
annunciated and isochronous Npt governing and overspeed operate off the remaining
Npt signal. If both Npt signals are lost, the engine is immediately shutdown. In
addition to the continuous self-test, a test command from the cockpit will cause a
check of the complete controller, including sensors and software. The test function
may also be exercised from a ground test set which would have the capability to fault
isolate within the control system.

3

363



SECTION 6.0

EXPENDABLE GASIFIER PHASE IV FABRICATION PLAN

6.1 Introduction

The ultimate objective of the expendable gasifier (EG)

program was to provide the Air Force with a source of gas turbine
power which achieves low cost by being discarded after its useful
life and avoids the high costs associated with overhaul, iventory,
parts accountability and other related costs. To achieve the low
cost objective, considerable attention was given to the factors
which effect low cost during design and system analysis. For

example, multi-use capability for turbojets, turbofans and jet fuel
starts was incorporated to exploit maximum production rate. A low

pressure/temperature cycle was chosen to make maximum use of
castings and inexpensive materials. Innovative design techniques

were employed to achieve simplicity, reduce the number of
components and relax the requirements for machining to small
tolerances.

In order to realistically demonstrate the low cost
features of the expendable gasifier considerable effort was
expended with manufacturing engineering and subcontract vendors to
produce demonstrator hardware using the actual manufacturing
processes which would be used during full-scale production.
Several items such as the cast aluminum main frame (Figure 272, the
cast turbine inlet nozzle (Figure 273 and the perforated sheet metal
combustor (Figure 274 were fabricated during Phases II and III and
tested in the combustor rig in Phase III. The fabrication results
were successful and the combustor rig tests demonstrated the
durability of those components by accumulating over fifty hours of
test time under simulated engine operating conditions.

The fabrication plan for the Phase IV hardware procurement
consisted of producing the remainder of the gasifier hardware in
sufficient quantities to provide two complete gasifier units and
spare parts. The hardware was produced using the production
manufacturing processes whenever possible.

6.2 Hardware Delivery Plan

The expendable gasifier hardware procurement flow chart
(Figure 275) graphically depicts the flow of hardware from initial
procurement during Phase II to completion in Phase IV. The
hardware groups shown constitute the major items which make up the
gasifier. An adequate number of castings were procured for all
cast components to satisfy the requirements of mechanical
properties, spin testing, rig tests and two gasifier units. The
release of the remainder of the gasifier components for procurement
in November of 1977 was intended to make all of the hardware
available by May 1978 as shown in the original Phase IV Schedue
(Figure 276).
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Figure 274 Sheet Metal Comibustor - Haynes 556 Perforated Sheet.
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PHASE III END I PHASE IV BEGIN

1976 1977 1978
NO 

~ ~~~OCTIN CIJN 17

[OCT INOV IDECI JAN I FEB IMAR IAPR IMAYIJUNE JULYIAUGISEPT NOVIDEC I JAN FEB IMAR9 APR IMAY!
C722104 (5) CASTINGS , (4) (3) 4 CASTINGS (1) MECHANICAL PROPERTIES

MAFRME( , ME~CH. PROPERTIES (1I) COMPRESSOR RIG

606075 - COMBUSTOR RIG , 606151-101 COMPRESSOR

C722103 \(2) ENGINE BUILDS TEST RIG
TURBINE (b.CASTINGS 4 722105 -ENGINE ASSEMBLY

INLET C ( SPARE
NOZZLE (1) r 1MECH. PROP.

722103 - - COMBUSTOR RIG (2) ENGINE BUILDS
722159- 101 722103 , ENGINE ASSEMBLY

COMBUSTOR (2) ASSEMBLIES . (1) 7
SHELL (1)t
COMPLETE 606104 - COMBUSTOR RIG (2) ENGINE BUILDS ENGINE ASSEMBLY

C722116 (4)
TURBINE ROTOR (5) CASTINGS (1)* 1

SIPIT

MECH. PrOPERTIES 1- SPAR E

V'-2) ENGINE BUILDS

C722017 (20) CASTINGS (18)
AX.COMP. ROTOR (2<7 , - SPARE

MEH 1 -:--(2) SPIN PIT
PROP.- ,1--(4 COMPRESSOR RIG

D-2(4) ENGINE BUILDS

PHASE III END PHASE IV BEGIN
1977 OCT 1978

IJUNEJULY1AUGISEPT NOV) DECI JAN FEB IMARI APR IMAY'

C722117 (1st) (5 ea.) CASTINGS (4 ea.)
C722118 (2nd) - (lea.) SPARE

C722119 (3rd) (1 ea.)
C722120 (41h) MECH. PROP. I .- O ea. COMPRESSOR RIG

AX. COMP. STATORS -(2ea.) ENGINE BUILD

C722128 (5)CASTINGS (4)
FRONT BRG. 0- CATIG (1) SPARE
HOUSING (1| ) -1 COMPRESSOR RIG

MECH. PROP.-
1-- (2) ENGINE BUILD

C722200 (5) CASTINGS (4)
NOSE COVER 0-. ,. (1) SPARE

(1) (1) COMPRESSOR RIG

MECH. PROP.' ~IlCMRSO I
,.-.-, (2( ENGINE BUILDS

309351 6 BEARINGS -(2) ENGINE BUILDS
BALL BEARING r -(2) ENGINE BUILDS Q3 SPARES)

BL N--(1) COMPRESSOR RIG

309349 6 BEARINGS .- (-2) ENGINE BUILDS 3 SPARES)
ROLLER REARING -'1 COMPRESSOR RIG

722196 r 2 SETS ,-(2) ENGINE BUILDS
GEAR SET 27361

Figure275. Expendable Gasifier Hardware Delivery Flow Chart.
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A listing of the major hardware items which were procured
during Phase IV for the expendable gasifier is shown in Table31.
The table is keyed by find number to the gasifier cross-section
shown in Figure 277. The Table gives part number and name, vendor
and location (state), estimated delivery date, unit cost, quantity
(to cover rig tests, material properties, two gasifiers and spare
parts), tooling cost, total cost and a line chart to chart the
fabrication progress.

Table 32 presents a list of the adaptive hardware items
required for the compressor rig to adapt the engine hardware to the
compressor test facility. The instrumentation planned for the
compressor test is also listed.

6.3 Hardware Delivery Impact on Program

The hardware delivery plan developed during Phase II held
close to the predicted delivery dates with the exception of
delivery of castings. Some castings were delivered more than five
months after their scheduled delivery. The aluminum compressor
rotor castings were being procured from Hitchiner Mfg. who was
attempting to use their low cost "CLA" casting process to make
these castings. This process uses a type of ceramic mold to allow
a vacuum to draw the molten aluminum into the mold. Removal of
this ceramic mold after casting proved an insurmountable problem.
The rotor blades were invariably deviant in both angle setting and
spacing due to the handling. The casting source indicated that
they would not be able to make the rotor to print without
additional development and tooling.

By the end of July 1978, it was decided to develop a plan
to complete Phase IV with the minimum impact to the total program.
The plan, shown in Figure 278, provided machined rotors (from
forgings) for the compressor rig testing. The rotors were machined
to the same dimensions and airfoil contours required for the
castings. This check on the compressor performance was available
prior to ordering the compressor rotor castings from an alternate
casting vendor. The machined rotors were then used in the turbojet
engine configuration for initial gasifier testing. The
conventional precision cast aluminum rotors were procured and used
to determine mechanical properties of the castings, for spin pit
testing, and for additional gasifier testing.

The procurement of test castings did not occur as
originally scheduled. The alternate casting vendor had
difficulties similar to those experienced by the original vendor
causing schedule delays as shown in Figure 279. The blade angle
setting and blade spacing continued to be the cause for the
rejection of the castings. After many attempts to produce
satisfactory castings proved fruitless, the casting problems were
carefully analyzed. The rough handling required for removal of the
mold and movement of the blades during heat treatment of the
castings were determined to be the cause of the deviatons to the
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casting dimensions. Since the remainder of the rotor dimensions
and the airfoil contours were to print, it was decided to accept
castings with deviant angle settings and blade spacings provided
they were metallurgically sound. This allowed testing of the
turbojet cast rotor configuration of the expendable gasifier to be
accomplished in a reasonable time frame. The comparison of the
performance using the machined rotors versus these cast rotors
represented the worst possible degradation of performance. In the
meantime, the casting vendor agreed to modify the tooling to cast
the rotor with a ring on the outer diameter (Figure280) similar to
many stator castings. This provided the rigidity for mold removal
and acted as a fixture to hold the blades during heat treatment.
Since all rotors are machined at the tip diameter, machining oft
the cast ring had a minimal impact on cost.

t .

41283
Figure 280. Compressor Rotor Casting With Ring Cast on Outside

Diameter.
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SECTION 7.0

TESTING (PHASE IV)

7.1 Compressor Testing

7.1.1 Compressor Design Goals and Features

The design point of the Expendable Gasifier (E.G.) four
stage compressor is based on the sea level static jet fuel starter
configuration performance objectives established in Phase I. The
design goals as established in Phase I are shown in Table33. The
predicted performance of the final design hardware is also shown on
this table. The compressor is predicted to achieve its flow goal
and be within one percent of the pressure ratio and efficiency
goals. The progression of the predicted performance from loop to
loop in the iterative design procedure indicated that the design
goals could be achieved with several more passes through the design
process. However, due to the complexity of the design process, the
time and effort required, and since the design was within one
percent of all of its design goals it was frozen at this point.
The deviation from the performance goals is probably within the
tolerance of the design system.

TABLE 33

EXPENDABLE GASIFIER COMPRESSOR
AERODYNAMIC DESIGN PERFORMANCE

Design Prediction
Design Goal After Phase III

Corrected Speed (N/V- ) - RPM 33,060 33,060
Corrected Flow (W--/8 ) - LBM/SEC 4.023 4.023
Pressure Ratio 2.86:1 2.83:1
Adiabatic Efficiency - % 80.0 79.2
Corrected Tip Speed - FT/SEC 900 900

The compressor is a subsonic, highly loaded, four-stage
axial machine derived from an upscale of the Teledyne CAE Model 469
compressor. The compressor has a very low tip speed (900 ft/sec),
for its pressure ratio, such that stresses are minimized and the
blading can be cast in aluminum. The high loading minimizes the
number of stages and thus minimize parts and cost.

The most notable of the low cost features is the use of a
common rotor casting for all four stages. The casting is just
machined to different outer diameters for each stage. This feature
has been used by Teledyne CAE in the past very successfully on the
Model 471 axial compressor (SCAD). Teledyne CAE also holds a
patent on the common blading compressor design. The stators were
used to tailor the incidence angles to the following rotors as
shown schematically in Figure 281 to improve performance.
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The final E G compressor flowpath is shown in Figure 282.
This flowpath was established in the Phase I preliminary design
portion of this program and was unchanged in the final design. The
radial dimensions are upscaled directly from the Model 469
compressor using a linear scale factor of 1.3166. The axial
dimensions were modified to equalize the rotor and stator aspect
ratios in each stage.

The common rotor blading design requirement altered the
aero design procedure from that normally used for subsonic axial
compressors. The E.G. design method is compared to the normal
design procedure in Figure 283. The usual procedure is to specify
an RPM flowpath geometry and pressure ratio requirements. The
design program then calculates the resulting losses and velocity
diagrams. The flowpath and specified pressure ratio distributions
are then altered to achieve the desired efficiency and blade
aerodyanmic loading levels. When satisfactory velocity diagrams
have been obtained, blading is designed to match those velocity
diagrams.

To achieve a single rotor design for all four stages
required the compressor to be designed with an off-design
compressor performance program such that the blading could be
specified first. In the method employed, the RPM, flowpath
geometry and blading geometry were specified. The blading geometry
definition included the number of airfoils in each blade row plus
specifications of chords and inlet and exit blade metal angle
distributions versus radius for each blade and vane row. The
off-design computer program then predicted the blade element losses
and pressure ratios plus the velocity diagrams produced by that
blading. The resulting pressure ratio, efficiency, and exit
velocity profile are compared to the goals and the flowpath and/or
blading geometry altered to achieve the desired results because a
change in geometry in one of the front stages affects the
performance of all the downstream blade rows. A detailed final
design procedure logic path is shown in Figure 284.

An aerodynamic design summary is shown in Figure 285. The
diffusion factor or aerodynamic loading levels should be noted as
they are quite high for both rotors and stators. Diffusion factors
of 0.6 are normally considered to be quite high; because of the
very low tip speeds and minimum number of stages, this design has
rotor D-factors as high as 0.674 and stators 0.756.
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FLOWPATH ESTABLISHED
DURING PRELIMINARY
DESIGN PHASE

ESTABLISH ROTOR METAL
ANGLES BASED ON
PRELIMINARY DESIGN: INCIDENCE MODEL

ROTOR INLET METAL LOSS MODEL
ANGLE DETERMINED DEVIATION MODEL
BY COMPUTER SOLN. BLOCKAGE ASSUMPTION
FOR INLET DUCT
AND REFERENCE
INCIDENCE ANGLE

COMPUTER PROGRAM 08.116

SUCCESSIVELY ADJUST STATOR
METAL ANGLES:

" SATISFY STATOR REFERENCE
INCIDENCE BY VARIATION

OF INLET METAL ANGLE
* SATISFY DOWNSTREAM ROTOR
REFERENCE INCIDENCE BY
VARIATION OF EXIT METAL
ANGLE

RTO NO ANGLE TO SATISFY PRESSURE

SATIFIEDRATIO AND/OR EXIT
' ? /PROFILE REQUIREMENTS

GENERATE FINAL BLADING 21930

Figure 284. Expendable Gasifier Compressor - Detail Design Procedure

Logic Path.
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7.1.2 Compressor Rig Testing

The purpose of the aerodynamic rig testing was to achieve
the following objectives:

- Determine the compressor aero performance

- Investigate problem areas

- Verify structural integrity to 110% speed

- Measure exit profiles for combustor inlet evaluations

- Modify blading if necessary, to provide adequate
performance for engine operation.

The test rig is shown in Figure 286. The rig makes maximum
use of engine hardware. The cross hatched hardware shown in the
figure is adaptive facility hardware.

The rig instrumentation (Figure 286) consists of inlet and
exit pressure and temperature rakes for overall performance
zalculations, plus wall static pressures to assist in inter-
compressor performance analysis. The pressure and temperature
rakes are the same as those used in the demonstrator engine
testing. Therefore, compressor performance from both tests can be
compared directly. A cobra probe was used at the compressor exit
to measure the total pressure and flow angle profiles for combustor
studies. An ASME nozzle was used upstream of the rig to measure
airflow and an electronic counter was used to measure rotational
speed. The temperature rakes were calibrated for Mach nuniner
effects before testing.

7.1.3 Compressor Rig Test Results

Rig testing was performed on the Expendable Gasifier
Compressor during March 1979. The compressor performance map
obtained is shown in Figure 287. As can be seen from the map, the
design performance goals for this machine have not been realized.
Design goals and test results are shown in Table 34 below:

TABLE 34

E.G. COMPRESSOR AERODYNAMIC DESIGN PERFORMANCE

Design Goals Test Results

Corrected Airflow Rate - lbm/sec 4.023 4.023
Pressure Ratio - Total/Total 2.83 2.72
Isentropic Efficiency - Percent 79.2 77.0
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To determine the cause of the lower than predicted
performance, the data available were used in conjunction with TCAE's
compressor off-design performance prediction program (08.116).
This program, which was also used to design this compressor,
predicts detailed blade element performance based on built in loss
correlations and blade turning correlations. The blade element
losses are a function of diffusion factor, solidity, exit angle and
incidence angle. Blade element turning is a function of incidence,
blade camber, solidity and percent blade height.

The blade turning or deviation angle correlation used in
the program has been developed over a period of years with all
sizes and types of compressors. Therefore, its accuracy is not
being questioned in this case. The items which are suspect are the
blade element loss correlations and the boundary layer blockage
assumptions made for this design.

The original loss assumptions are questionable because:
(1) the loading levels used in this compressor design are very high
and (2) due to the small size of this compressor, the higher end
wall losses may influence a greater portion of the span (or the
whole span) than originally assumed.

The blockage assumptions are open to question because
previous TCAE small compressors have exhibited very high blockage
values. The blockages used in the original design reflected some
of this high blockage finding but not all of it. The original
design used a blockage increase of 2-3 percent across rotors and a
drop of 1 percent across stators. Large compressor designs often
use a 1 percent increase across each blade row. Data from a TCAE
development program on a 3.5 lbm/sec compressor showed blockage
increases of 10-15 percent across rotors with decreases of almost
the same magnitudes across the stators. The effects of high
unaccounted for rotor exit blockages are low work and lower
efficiency due to mismatched airfoils.

The test efficiency versus span is shown in Figure 288.
The tqst data indicate that the losses used in the design were too
high at the end walls and too low at the mean span height. Thus,
confirming that the small size of this compressor is resulting in
some "end wall" loss in the middle of the blade. The design loss
parameter versus diffusion factor for the 10, 50 and 90% spar
heights of the rotors is shown in Figure 289. Changing the 50. spanloss curve to that shown on the figure gives an efficiency curve,shown in Figure288, which is close to the measured test data.

The measured values of tip wall static pressure are
compared to the design values in Figure 290. The measured values
being lower than design is due partially to the pressure ratio
being lower than design, but also confirms the suspicion that the
design blockages were somewhat optimistic (low). Blockage factors
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Figure 288. Expendable Gasifier Compressor Efficiency Versus Flow-
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were calculated from test data at the compressor inlet and exit.
The blockage was lower than design at the inlet and higher at the
exit. Figure 291 shows the design blockage factor, as well as the
test data values and the re-estimated values used in the computer
simulation of the test data.

The results of the computer simulated performance are
shown in Figure 292. The rotor blades of the simulated design were
than twisted linearly from zero degrees at the rotor hubs to five
degrees at the rotor tips. The resulting performance predicted is
shown in Figure 292. Analysis of the engine shows that the original
engine performance goals, except for efficiency, can be met with
the twisted rotors at the design rated speed. The compessor
efficiency would remain about two percent low.

Engine performance analysis also showed that the predicted
goals could be met with no compressor modification by a slight
engine overspeed to 33,900 rpm. Since this appeared to be a lower
risk approach (no rotor blade breakage), no further compressor
development work was required. The precision castings for the
compressor rotors were subsequently procured to this
configuration. The machined rotors were inspected and used in the
turbojet engine configuration of the Expendable Gasifier.

7.1.4 Cast Rotor Structural Verification

To insure the structural integrity of the cast aluminum
axial compressor rotors, material physical properties were obtained
from one rotor while another was used for spin testing. To obtain
material properties, one casting was sectioned and test bars were
extracted from the casting as shown in Figure 293. These tensile
specimens were found to exceed the minimum stress levels required
per AMS4215.

The remainder of the compressor rotor structural
verification was accomplished by spin pit testing. The compressor
rotor casting was machined to the first stage rotor configuration
and assembled on the spin pit arbor as shown in Figure 294. The
rotor assembly was balanced, inspr 'ted and installed in the spin
pit (Figure 295) and the rotor was spun to 110% of design speed
(36,400 rpm). The rotor was subsequently removed from the spin pit
and reinspected. The original dimensions were rechecked and
recorded, and no measurable change was detected. The rotor
assembly was then reinstalled in the spin pit and spun to 110% of
the overspeed required to develop full power (38,930 rpm). The
original dimensions were again rechecked and recorded with no
measurable change detected. Zyglo inspection also revealed no
signs of distress to the rotor. The arbor assembly was reinstalled
in the spin nit and the rotor casting was spun to burst (Figure 296)
which occured at 66,400 rpm. This speed is more than twice the
100% design speed and in excess of the predicted burst speed of
57,300 rpm which was conservatively estimated on the basis of
minimum material properties and a .55 burst factor.
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Figure 294. Gasifier Compressor Rotor Spin Test.
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7.2 Turbine Testing

7.2.1 Turbine Design Goals and Features

The expendable gasifier turbine design objectives were to
provide the following:

- Low Cost
- Good Performance and Flexibility
- Ease of Development

Design requirements for the expendable gasifier turbine
were established to provide low cost, as exemplified by casting
techniques, simple blading design and moderate performance
requirements, providing for a wide variety of operating conditions
as demanded by various engine development considerations.

The gasifier turbine inlet conditions at design point are:

Inlet Temperature - OR = 2260
Inlet Pressure - psia - 38.29
Inlet Swirl - degrees - 0
Mass Flow - lb/m/sec = 3.957

The turbine design requirements at these conditions are
given in Table 35.

During the design, the expendable gasifier turbine
performance potential was examined to assure that the turbine base
vector diagram selection was appropriate. Figure 297 shows results
of such an investigation. It is seen from this plot that the
turbine design point is nearly optimum and also is in a region
where gradients in efficiency are the least. This feature ensures
maximum turbine adaptability and least sensitivity to various otherpossible changes as imposed by different gasifier applications.
Consideration was also given to parasitic losses, leakages and
tolerances to assure that performance goals will be met. Figure 298

provides a summary substantiating that a conservative gasifier
turbine performance goal of 82.5 percent will be met. This takes
into consideration various additional performance penalties and
decrements, that have been imposed on production hardware, as may
be expected in a real engine environment.

The final expendable gasifier turbine flowpath coordinates
for cold static conditions are given in Figure 299. The turbine
stage consists of a 13-vane constant section nozzle and a 29-bladed
rotor. The constant section nozzle was finalized during the phase
I design effort. Once the nozzle hardware was fixed, the radial
equilibrium streamline solution was then matched to the aerodynamic
requirements of the constant section nozzle. The matching solution
was the basis for the final flow path and the rotor blading design.

The material selected for the turbine rotor is IN 100, a
nickel alloy chosen for high strength to 1900OF; thi alloy has
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Figure 299. Cold Turbine Flowpath.
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attained considerable industry usage for both individual blades and
integral bladed rotors. Teledyne CAE experience with this material
derives from the production J402 turbine rotors; the latter's
comparable size to the E.G. rotor (within 1/2 inch at OD) and same
material influenced the decision to select the same foundry to
produce the E.G. rotor.

Recognizing the need to reduce machining operations
(especially on nickel base alloys) in order to reduce procurement
costs, the E.G. rotor is cast to net shape, needing only to have
the blade tips cropped and the hub faced for the electron beam weld
joint with the shaft.

The blade centrifugal and restored gas bending stresses
were calculated using a conventional tapered, twisted beam model.
A summary of the blade stresses at the hub (maximum stress point)
and at 50 percent span (minimum stress margin point) is presented
in Figure 300. A minimum safety factor 1.5 on the 20-hour stress
rupture strength is indicated. This was determined by comparing
the direct tensile stresses (centrifugal P/A) with the minimum
20-hour stress rupture strength, based on the adiabatic wall
temperatures predicted for the blade at maximum speed and a turbine
rotor inlet temperature of 1800 0 F. The predicted temperatures,
centrifugal stresses and 20 hour stress rupture strengths are
presented in Figure 301 for the complete blade span.

The design goal for the turbine disk is a low cycle
fatigue (LCF) life of 2,000 start-stop cycles. A disk was designed
for an assumed starting thermal gradient of 1000OF from rim to
bore, based on the transient thermal analysis of similar IN-100
turbine disks. The stress analysis indicated that the bore
stresses were below the yield strength of the material while the
rim tangential stresses were in compression, near the yield
strength. For a reverse thermal gradient of 500OF upon shutdown,
a total strain range of less than 0.005 in/in, was estimated for
the rim, which results in an LCF life greater than 2000 cycles.
The analysis is based upon a pseudo-plastic analysis by assuming
elastic strain invariance from an elastic analysis which is valid
for thermal loads. This serves as a good approximation for rim
strains since the rim loads are predominately thermal. The
combined centrifugal and thermal stresses at 100 percent speed and
1800OF turbine rotor inlet temperature are summarized in Figure
300. A 37 percent burst speed margin is indicated at 33,500 rpm.

The conservative performance requirements of the turbine
did not warrant aerodynamic rig testing before application in the
engine.

7.2.2 Cast Rotor Structural Verification

The mechanical testing of the cast turbine rotor prior to
its use in the engine consisted of mechanical properties evaluation
of test specimens from the casting and spin pit testing of the
turbine rotor. The test specimens were machined from one of the
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castings as shown in Figure 302. The mechanical properties were
determined for three test bars and the results are presented in
Table 36. As is readily apparent, all three specimens exceeded the
specification strength requirements.

TABLE 36

TENSILE TEST RESULTS

TCAE
TEST SPECIMENS MS-100

BAR #1 BAR #2 BAR #3 SPEC MIN

Ultimate Tensile
Strength, psi 128,000 117,000 118,000 102,000

.2% Yield Strength, psi 112,000 108,000 108,000 90,000
% Elongation 9.8 4.3 6.3 4.0

One of the cast turbine rotors was machined as it would be
for the engine shaft assembly and was welded in the spin arbor as
shown in Figure 303. The arbor assembly was then balanced, inspected
and installed in the spin pit. The rotor was then spun to a 15%
overspeed of 38,525 rpm. The dimensional inspection made prior to
and after the spin test showed the dimensions remained unchanged
within the accuracies of the measuring devices. Zyglo inspection of
the rotor also failed to show signed of distress, thus demonstrating
that the spin test goals were achieved.

7.3 Demonstrator Engine Testing

7.3.1 Engine Test Procedures and Objectives

The compressor rotor casting procurement problem caused the
scheduling of two expendable gasifier tests. Two turbojet engines
using different compressors were tested. The first configuration
tested was built with the machined compressor rotors used for the
compressor rig testing, and the second configuration tested used the
cast compressor rotors to verify the low cost manufacturing
concept. The overall objectives of both engine tests were to
achieve the following:

o To demonstrate the feasibility of the overall design
concept.

o To establish the mechanical integrity of the turbojet
engine.

0 To attain a target SLS thrust of 230 LBF in the
turbojet configuration.

o To achieve and demonstrate the desired performance
goals for each individual component.
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o To test the operational capability of the engine over

its flight envelope.

o To test the engine starting capabilities

To achieve these objectives, a comprehensive test plan
outlined the combinations of engine speeds, Mach numbers and alti-
tudes which were to be tested. The engine test plan incorporated
the following procedures:

o Installation/windmill speed check (SLS)

o Start attempt at SLS conditions

o Accelerate to idle speed - mechanical check

o Record engine data from idle to maximum speed

o Performance calibration as per flight envelope for
optimum jet nozzle area, speed - 80%, 90%, 100%, 102.5%

o Define engine starting envelope

In addition to the listed procedures, the test plan also
called out the location and the instrumentation to be used for
gathering the required data for performance analysis. This instrum-
entation and its location are shown in Figure 304 and described in
Table 37.

7.3.2 Machined Rotor Configuration Engine Tests

Intial testing was performed to check the mechanical
operatic- of the Expendable Gasifier. Windmill operation of the
engir.e showed no indications of undesired rubbing, oil leakage or
vibratory problems. During this initial running, primer ignition at
various engine speeds was attempted and the upper and lower limits
of engine rpm's consistent with repeatable primer ignition was
established. First tests were run with the jet nozzle removed to
provide a jet nozzle area (JNA) of 29.6 square inches. This
conservative approach allowed preliminary data points to be taken at
a low TRIT which were then used to calculate the required JNA,
Subsequent incremental changes in the jet nozzle area were made to
"zero in" on the desired JNA. Since the turbine nozzle was
predicted to be unchoked, and turbine characteristics were untested,
it was not certain what the match characteristics of the engine
were. Therefore, it was considered prudent to match as low on the
compressor characteristics as possible on the initial calibration.
The purpose of testing the engine with the jet nozzle area equal to
20 sq. in. and 16.7 sq. in. was two-fold. The first objective was
to map out engine performance. The second was to optimize engine
performance consistent with adequate surge margin throughout the
speed range.
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TABLE 37

EXPENDABLE GASIFIER INSTRUMENTATION REQUIREMENTS

LOCATION/ITEM INSTRUMENTATION

Inlet adapter Total pressure
Static pressure

Compressor inlet Total pressure
Pressure differential
Total temperature

Compressor discharge Total pressure
Total temperature

Turbine nozzle (inlet) Total pressure

Turbine nozzle (exit) Static pressure

Turbine rotor (exit) Total temperature
Total pressure

Primary exhaust Total temperature

Exhaust lip Static pressure

Fuel Total temperature
Fuel flow

Thrust Load cell

Speed Electronic speed
pick-up
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An optimized jet nozzle area of 17.77 square inches was
used during the test to demonstrate the operational capability of
the engine over its projected flight envelope. A matrix of steady
state data points was taken using engine speeds of 80%, 90%, 100%
(33,060 rpm) and 102.5%, flight mach numbers of 0, .2, .4, and .8,
and altitudes of 0, 10K, 20K, 30K and 40K in sufficient
combinations to define the anticipated flight envelope shown in
Figure 305. The data points taken to define performance of the
engine throughout the flight envelope have been tabulated in Table
38. Some steady state data points (high altitude - low engine
speeds) were not achievable due to an inability to manually control
the low fuel flows required which resulted in instability of
operation. Other steady state data points (high mach number - high
engine speeds) were not obtainable due to a rise in the rear
bearing temperature. The fuel coolant system must be upgraded for
testing at these data points by reducing the heat input into the
fuel and/or by increasing the fuel supply pressure. After all data
points for mapping the performance were tested, a final test run
was made to attain the targeted thrust of 230 pounds. The
expendable gasifier achieved this thrust at a 107% overspeed
condition. At this speed, a rear bearing temperature rise
precluded maintained operation to be able to record data.

The expendable gasifier turbojet was disassembled and
:oroughly inspected before being reassembled and installed in the
test cell for starting tests. The completion of these tests ran
the engine total operating time to 13 hours and 53 minutes with a
total of 23 successful starts. A number of start attempts were
made using the hydraulic starter alone at various altitude
conditions and also using the hydraulic starter with ram air assist
at various altitude conditions. The gasifier started successfully
using the hydraulic starter at conditions from 0 to 20,000 feet
altitude and ram air simulating 0.0 to 0.5 mach number. Although
starts were not successful outside the range of conditions given,
development of proper fuel scheduling as would be done for
development of a fuel control would undoubtedly enlarge the
starting envelope.

7.3.3 Machined Rotor Configuration Test Results

The initial testing was performed with various jet nozzle
areas, each of which determined its own operating line. The
operating line for each of these jet nozzle areas is plotted on the
cmpressor map shown in Figure 306. The plot of thrust and turbine
rotor inlet temperature (TRIT) versus engine speed for these jet
nozzle areas (Figure307) was also used to arrive at the optimum jet
nozzle area. The 16.7 square inch jet nozzle area would operate
with less surge margin and would need to be run over temperature to
achieve the targeted thrust. The two larger jet nozzle areas of
29.62 square inches and 20.0 square inches would need to be run
greatly over speed to reach the desired thrust. Based on the
results of the acquired data from running with these jet nozzle
areas used in an analytical model, the optimum jet nozzle area was
determined to be 17.8 square inches.
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Figure 305. Expendable Gasifier Turbojet Flight Envelope.

TABLE 38

EXPENDABLE GASIFIER ALTITUDE TEST POINTS

CONDITION MECHANICAL SPEED

ALTITUDE MACH NO. 80% 90% 100% 102.5%

S.L. 0.0 0 0 9 0
0.2, 0.4 9
0.6 0 0 0

10 K 0.2 0 0
0.4 0
0.6 0 0 0 0 .
0.8 0

20 K 0.2, 0.4, 0.8 0 0

0.6 00 0 0

30 K 0.4,0.6 0 0 0 0
0.8

40 K 0.6 0 0
0.8 0 0 0

1 TEST POINTS 
41167

411



/ tT7Aip

&.0 M

2.8

oe
ad 9 ORIGINiAL DES40N P04.414

N z OPTIMUM JET NOfiL AREA

a01

0 230 LSS SL.S. THRUST
COMPRESSOR PRIESSUJRE

RATIO PT3'
9
T2  aD11

107

1.6 100

10 i I I I I I I i I I I I

11so -,r

S... STDDY ERFRMNC

1.A - 70 N!o') b #

7000

1.00

'"

1. . .113 20 2.21 2. - . 0 1 4 1 , .2 4 .
CORRECTED AIRFL . W 040 ) 4 04 91

Figure 306. Comriessoor Mapleth Oeperatng Lines foruTstVersu Jegn
Nozze Aoreste Cofiuatons.uatos

TURBINE ROTOR4
INLET TEMPERATURE

1200 -

Z22JIA~ 29! 23LBS

200 JNA - 11.8$0, IN. tOPT /

THRUST FNIUBP1BF

720

iI--

so0 11= 0%

9D 3)2007100%)

24M0 2NN 21I 3M0 32O 204M 3110

CORRECTED SPEED* NI, 77(RPM) 40484

Figure 307. Turbine Rotor Inlet Temperature and Thrust Versus Engine

Speed for Tested JNA Configurations.

412



The targeted thrust of 230 LBF at 107% overspeed condition
is shown on Figure 306. The turbine rotor inlet temperature (TRIT)
@ 107% operating point was 20OF lower than the design TRIT of
18000 F. See Figure 307'. Table 39 shows an overall turbojet
performance for SLS STD day conditions @ 100%, 102.5% and 107%
speeds. At 107% speed, the airflow increased by 7% and pressure
ratio by 8.8% as compared to the design point.

The component compressor demonstrated an equivalent rig
performance @ 100% speed in terms of flow and pressure ratio.
Compressor efficiency improved by 0.3 percentage points as compared
with rig efficiency @ 100% speed. Compressor results are presented
in Table 40 for SLS STD day conditions. Although the compressor in
the engine was tested at 107% speed, its actual overspeed
capability was demonstrated at 110% during rig testing, which
implies that the compressor can withstand higher aerodynamic
loadings.

The combustor showed 10.1% loss, compared with the design
value of 10.0%. Efficiency was 99% at 100% speed. Combustor loss
for SLS STD day conditions is shown in Figure 308. Figure 309 shows
the exhaust gas temperature (EGT) and turbine rotor inlet
temperature (TRIT) profiles. The TRIT profile was estimated by
taking into account variable turbine work along the span of the
blade. A trend similarity between engine and rig measured TRIT
profiles indicates a consistency between combustor design intent
and combustor operation in an engine environment.

Turbine performance exceeded its design goals. Turbine
efficiency @ 100% speed increased by 1.8 percentage points and
absolute work ( A H) decreased by 7.8% as compared with design
values. Extrapolated turbine efficiency @ 107% speed was reduced
by only .6 percentage points, compared'with 100% demonstrated
efficiency of 84.3%. Turbine design and demonstrated performance
is shown in Table 41.

A block diagram illustrating the method for reducing the
performance parameters such as efficiencies, air flow and TRIT etc.
from the measured data is shown in Figure 310. Turbine rotor inlet
temperature was derived from compressor turbine work balance and
combustor efficiency from heat balance. Compressor efficiency was
calculated from pressure and temperature measurements. Turbine
efficiency was derived from measured and calculated values.

An error analysis on the compressor and turbine
efficiencies and TRIT was carried out by using bias and precision
irdices. A sample calculation to determine the uncertainty (error)
on TRIT is shown in Figure 311. This is consistent with industry
practices as defined by ADEC TR 73-5 "Uncertainty in Gas Turbine
Measurements Handbook" by R. B. Abernathy. Table 42 shows the
accuracy analysis in absolute level at 100% speed.
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TABLE 41

TURBINE AERODYNAMIC PERFORMANCE
AT S.L.S. STD. DAY

DESIGN DEMONSTRATED
GOAL PERFORMANCE

REFERRED SPEED, Nklecr (RPM) 1606 17090 17305

TURBINE INLET TEMPERATURE, (-F) 1800 1527 1598

REFERRED WORK, AHI0cr (BTUILB) 12.9 13.7 14.2

ABSOLUTE WORK, aiH (BTUILB) 55.4 51.1 54.7

REFERRED FLOW SPEED
PARAMETER WN/6160.E (LB-REVISEC 2) 671 962 963

EFFICIENCY ()82.5 84.3 84.2

COMPRESSOR CORRECTED SPEED, Nh./e (RPM) 33060 33060 33900
(100%) (1000/) (102.5%/)

40436

TABLE 42

ACCURACY ANALYSIS AT 100% DESIGN SPEED

MEASURED ABSOLUTE

PARAMETER VALUE LEVEL

Turbine Inlet Temperature, OF 1.800 +9.8

Compressor Efficiency (NC) .773 +.0l

Turbine Efficiency (NT) .843 +.01
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Pretest predicted performance was compared over a range of
altitudes and Mach numbers to actual test results. These results,
shown on Figure 312, indicate very good agreement between the
analytical model and actual engine test results.

7.3.4 Cast Rotor Configuration Engine Tests

The cast compressor rotors configuration of the expendable
gasifier was built up for testing immediately after completion of
the spin pit tests. The cast rotors used did not conform to the
drawing requirements as was discussed in Section 6.3 of this
report. These deviant rotors provided the worst case possible for
performance degradation from the previously run machined rotor
configuration. The cast compressor rotor configuration of the
turbojet engine was installed in the altitude chamber test facility
for testing per the original objectives and procedures. The
previously optimized jet nozzle area of 17.8 square inches was used
for this engine testing also. The tests were conducted similar to
the machined rotor configuration engine tests. Sea level static
performance data was obtained first, and then the altitude
performance was run. The performance testing used the same data
points previously run for the machined rotor configuration to
facilitate comparisons. A history of the engine testing for this
build is summarized in Table 43.

7.3.5 Cast Rotor Configuration Test Results and Comparisons

The data was analyzed and the cast compressor rotor
configuration performance data was compared to the performance data
of the previously run machined compressor rotor configuration. The
performance results indicated that the cast rotors have reduced
flow capacity and efficiency compared to the machined rotors.
Figure 313 shows the compressor performance and operating line for
the jet nozzle area (JNA) = 17.8 square inches. There was no shift
in the operating line from the machined rotor configuration;
however, the cast compressor flow capacity was reduced by 5.7% at
100% speed. This resulted in a 9.8% thrust reduction as shown in
Figure 314. Presented in Figure 315 is a comparison of efficiency
and airflows versus rotor speed for the two configurations. The
2.3 percentage points efficiency reduction for the cast
configuration at 100% speed resulted in a TRIT increase of 450 F
as shown in Figure 316. The specific fuel consumption comparison
presented in Figure 317 shows that the cast rotor configuration
increased fuel consumption by 6% at the 184 pounds of thrust
achieved at 100% speed for the machined rotor. This sfc is within
.01 lbs/hr/lbf of the initial predictions. A full comparison of
the performance of the cast and machined compressor rotor
configurations is presented in Table 44. Although the cast
compressor rotor configuration shows some degradation of
performance compared to the machined rotor configuration, the
Expendable Gasifier still has adequate performance to fulfill the
requirements for the desired applications.
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TABLE 43

CHRONOLOGICAL HISTORY OF ENGINE TEST UNDER BUILD 506-003

TEST DATE START NO. TEST TIME ACC. TIME REMARKS

812980 44 1:13 1:13 ENGINE PERFORMANCE @ SEA-LEVEL
CONDITIONS

914180 45 0:51 2:04 MAX T.R.I.T. PERFORMANCE POINT
ABORTED

9115180 46 0:50 2:54 ENGINE PERFORMANCE @ SEA-LEVEL
STATIC CONDITIONS

9115180 47 1:25 4:19 ENGINE PERFORMANCE @ 20,000 FEET
ALTUDE, MACH 0.80

911580 48 0:29 4:48 MAX T.R.I.T. PERFORMANCE POINT
ABORTED

9116180 49 0:20 4:50 HYDRAULIC ENGINE START EVALUATION

9117180 50 0:01 4:51 PERSONNEL INDOCTRINATION FOR
START SEQUENCING

9117180 51 0:01 4:52 PERSONNEL INDOCTRINATION FOR
START SEQUENCING

9117180 52 0:12 5:04 DEMONSTRATION TEST RUN

41272
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Figure 314. Expendable Gasifier Thrust Comparison for Machined
Versus Cast Rotor Configurations.
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Versus Rotor Speed for Two Configurations.
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Figure 317. Expendable Gasifier Turbojet Engine Specific Fuel
Consumption Versus Thrust Comparison for Both
Configurations.
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SECTION 8.0

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The completion of the four phases of the Expendable
Gasifier Program has resulted in the following conclusions:

1. The program has achieved its goals by providing the
following results:

o The concept of a common expendable gasifier
configuration matched with a nozzle or fan to
produce thrust or with a power turbine to
produce shaft horsepower is viable when applied
early in the program. Application of this
concept at the beginning of the System Design
Phase meant that there was a minimum impact to
accommodate the three applications.

o When acquisition cost is used as the prime
objective (a necessity for expendable hardware),
volume and specific fuel consumption are
penalized slightly. The tradeoff between
acquisition costs and performance must be
accomplished on the basis of life cycle costs
done early in the System Design and Preliminary
Design Phases.

o During the preliminary and detail design,
component aerodynamic and mechanical design
goals were conservatively selected to achieve
adequate performance at high reliability
levels. The selection of these conservative
goals was made to optimize performance versus
cost for the engine applications.

o During preliminary design, cost and manu-
facturing studies were performed which showed
the expendable gasifier could be procured for
under $8000 (FY 1977$). Subsequent detail
designs incorporating design changes for
functional, structural and/or producibility
requirements, had no impact on cost where cost
had been the driving objective.

o Component and engine testing verified that the
hardware performance exceeded some design
objectives and came sufficiently close to the
remaining design objectives to provide adequate
performance for all expendable gasifier
applications.
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2. The performance of the cast rotor configured EG can
be raised to the level obtained with the machined
rotor configuration by providing cast rotors to the
print dimensions. These castings appear to be
obtainable by casting the rotor with a ring on its
outside diameter as was described in Section 6.3 and
shown in Figure 280.

3. The major element contributing to the life cycle cost
for a jet fuel starter or an auxiliary power unit has
traditionally been the overhaul costs. This is
vividly demonstrated by a comparison of life cycle
costs for the expendable gasifier versus a
conventional operational unit, shown in Figure 318.
Calculation of the overhaul costs was done by
determining replacement costs of the expendable
gasifier portion of the jet fuel starter after every
2000 starts while actual overhaul rates being
experienced by the user were applied for the
operational unit.

8.2 Recommendations

Based on the results of th4 EG program, further
development of the expendable gasifier concept is warranted and
should include the following efforts:

i
1. Use the rotor castings with the cast shroud to obtain

dimensionally accurate hardware, and test this
hardware to demonstrate the predicted performance
gains.

2. An analysis should be made to determine the testing
required to simulate the equivalent of 2000 starts on
the expendable gasifier portion of a jet fuel starter
application. The performance of this testing will
demonstrate the capability to achieve the predicted
overhaul costs.

3. The expendable gasifier should be demonstrated in the
jet fuel starter configuration, including design of
the power turbine module and JFS control system, and
demonstration of the EG/JFS under simulated operating
conditions.
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